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Foreword
This thesis is essentially based around the results returned from the speed o f  sound sensor 
which operated on the Huygens Probe on Saturn’s largest moon, Titan. The thesis begins 
by introducing some o f the background knowledge on Titan, including the major results o f 
the Voyager flybys. The latest results from the Cassini-Huygens mission complete 
chapter 1 .
The speed o f  sound sensor -  the Acoustic Properties Instrument-Velocimeter, is introduced 
in chapter 2. The principles o f its function are presented and the process used for the 
calibration o f the sensor is described.
Chapter 3 discusses how the speed o f sound in a fluid is related to composition and state 
(temperature and pressure). This is then placed in the context o f Titan’s thick atmosphere, 
consisting o f  a mixture o f  nitrogen and methane. A number o f  predictions from different 
equations o f state are compared to laboratory data so their applicability to Titan can be 
deduced.
In Chapter 4 the results from the Huygens probe on Titan are presented and the calibration 
work from chapter 3 is applied to determine the speed o f  sound in Titan’s lower 
atmosphere. Chapter 5 takes the speed o f sound data and uses it to provide estimates o f  the 
abundance o f methane in Titan’s atmosphere at the Huygens landing site. Chapter 6  rounds 
up the conclusions o f the thesis and chapter 7 provides some possible avenues for future 
research.
Overall this work leads the reader through the process o f determining atmospheric 
composition on Titan from speed o f sound measurements. It presents some lessons learnt 
from the first time such an investigation has been performed in space exploration.
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Abstract
tfiOn 14 January 2005 the Huygens probe descended to Titan’s surface, measuring, 
amongst other properties, the speed o f  sound in the moon’s dense, haze filled atmosphere. 
These measurements were made by the Acoustic Properties Instrument -  Velocimeter 
(API-V). For a binary mixture o f gases, with known components, the sound speed, 
temperature and pressure can be used to determine the mixing ratio. As the Huygens Gas 
Chromatograph Mass Spectrometer (GCMS) indicated that the only bulk components o f 
Titan’s atmosphere were methane and nitrogen, sound speed has been used as an indicator 
o f methane abundance.
To achieve this, flight spare replicas o f  API-V have been used for calibration purposes and 
a non-ideal equation o f  state supplied by the Groupe Europeen de Recherches Gazieres 
(GERG) has been employed to model the sound speed in the cold dense mixtures o f 
nitrogen and methane found on Titan.
The sound speed on Titan was found to decrease from 183.2 m s ' 1 at 11 km altitude to 
194.0 m s' 1 at the surface. Use o f the GERG equation o f  state with Huygens temperature 
and pressure data indicated that the mole fraction o f  methane at the surface is 0.026 
remaining approximately constant up to 7 km altitude, then decreasing slightly to 0.012 at 
11 km altitude. The estimated uncertainty in this value is ±0.018. This is lower than the 
estimate by GCMS o f 0.049±0.0025. There is also a possibility o f  enhanced methane 
abundance at the surface and suppressed methane abundance at an altitude o f 
approximately 3 km.
After impact the sound speed was found to increase by -2  m s '1. As API-V was in a 
separate thermal environment to the temperature sensor, this could be due to an increase in 
temperature o f ~2 K or due to methane evaporating from the potentially wet ground 
increasing the methane mole fraction by 0.08.
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Chapter 1 
Titan and its Atmosphere
Titan is Saturn’s largest moon, with a diameter o f 5150±1 km (Lindal, et al. 1983). This is 
larger than the planet Mercury and places Titan behind only Ganymede in the list o f largest 
moons o f our Solar System. The moon itself was discovered by Christiaan Huygens in 
1655 (Huygens 1655), and detection o f its atmosphere was reported nearly 300 years later 
when absorption bands o f gaseous methane were discovered (Kuiper 1944). In his paper 
Kuiper acknowledged earlier observations o f Titan, generally attributed to the Spanish 
astronomer Jose Comas Sola, reporting the atmospheric phenomena o f limb darkening. 
However, he also claimed that making such observations should not be possible.
It was quickly realised that the conditions on Titan were potentially cold enough to cause 
methane in the atmosphere to condense or freeze. This led to the possibility o f  a 
hydrological cycle on Titan based around methane, making Titan a unique and incredibly 
interesting body.
The following section provides a short overview o f the state o f knowledge o f  Titan at the 
time o f  writing. With the Huygens mission complete and Cassini in its 4th year in orbit 
around Saturn, there is clearly a vast quantity o f material, and the first o f the books 
discussing recent findings about Titan have recently been published (Harland 2007). 
Hence, this introduction cannot hope to explain everything that is currently known about 
Titan. It will instead introduce some o f the Voyager findings that, despite being 
superseded, represented the best information available when Huygens was being designed. 
The focus will then move on to Titan’s lower atmosphere and surface as these are the 
important factors in the investigation o f sound speed presented in this work.
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§1.1 Voyager
A large leap in the understanding o f Titan’s atmosphere occurred when the Voyager 
spacecraft performed flybys in 1980 and 1981. Both Voyager spacecraft found Titan’s 
atmosphere to be opaque to their cameras. The opacity was caused by a haze in the 
atmosphere produced by photo-dissociation o f methane and subsequent reactions o f the 
created methyl free radicals. Voyager 1 performed a radio occultation experiment and 
observed Titan in the infrared and ultraviolet. The ultraviolet experiment allowed detection 
o f nitrogen (Broadfoot, et al. 1981) as the major constituent in Titan’s atmosphere. The 
radio occultation and infrared data allowed reconstruction o f the temperature profile below 
200 km (Lindal, et al. 1983) and determination o f the mean molecular mass, which was 
found to be in the range 28.3-29.2 g mol' 1 (Samuelson, et al. 1981). As this mass is higher 
than is possible for a mixture o f methane and nitrogen only, a third heavier component was 
inferred with argon being the most likely candidate. Further reanalyses o f  the available 
data over the following decades allowed refinements to be made to the model o f  Titan’s 
atmosphere (Lellouch, et al. 1989; Courtin, et al. 1995; Samuelson, et al. 1997) and the 
possibility that Titan’s atmosphere may be supersaturated with methane emerged. This 
could only occur if Titan’s atmosphere was depleted in condensation nuclei, stopping the 
condensation o f methane despite the concentration being above the saturation point.
The same photo lytic processes that have been creating smog on Titan have also been 
destroying methane, hence some source for replenishment o f the gas is required otherwise 
the methane in Titan’s atmosphere would have been entirely removed in a time period o f 
the order 107 -108 years (Yung, et al. 1984; Toublanc, et al. 1995). After the Voyager 
mission the prime candidate for such a reservoir was surface liquid in the form o f oceans 
(Tyler, et al. 1981; Flasar 1983).
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§1.2 Earth Based Observations
Clearly, at close range, the Voyager spacecraft were able to provide some o f  the best data 
available in the early 80s. However, as technology improved, Earth-based observations 
began to add to our knowledge o f Titan. After the Hubble Space Telescope was launched, 
the first surface images o f Titan became available using wavelengths that could penetrate 
the smog (Smith, et al. 1996). The Hubble images revealed light and dark areas on the 
surface o f Titan which were interpreted as water ice and organic material respectively. The 
bright material was interpreted as either fresh ice excavated by impact or as cleaned ice, 
washed by methane rain at high altitudes. Despite further reviews o f  the available data 
(Lorenz & Lunine 1997; Lunine, et al. 1998; Ori, et al. 1998; Taylor & Coustenis 1998) no 
consensus was reached about the nature o f the surface, with organics, liquids, silicates, 
ices, frosts and altitude variations all being potentially responsible for differences in 
surface brightness. Further atmospheric modelling continued, although the sparse data 
meant that much o f the work relied on inference (Flasar 1998).
As ground-based adaptive optics improved, observations o f details on Titan’s disc became 
possible from the surface o f the Earth. The Keck telescope’s adaptive optics were 
responsible for the discovery o f the first tropospheric clouds on Titan in December 2001 
and February 2002 (Brown, et al. 2002). These clouds were found at the south pole o f 
Titan, just after Titan’s southern hemisphere summer solstice, despite models at the time 
predicting clouds in the equatorial region. Comparison o f  methane absorption in spectra 
from cloudy and non cloudy parts o f Titan’s disk revealed the altitude o f the cloud tops at 
approximately 16±5 km. In November 2002 the Very Large Telescope also found a bright 
feature in the atmosphere, circling Titan’s South Pole and possibly associated with a south 
polar vortex (Gendron, et al. 2004).
In 2001 and 2002 a rare opportunity also occurred to use the extremely large, but restricted 
field o f view, Arecibo radar dish to investigate the radar reflectivity o f  Titan’s surface
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(Campbell, et al. 2003). In this investigation, some points on Titan’s surface were found to 
reflect specularly a radio signal in a manner consistent with a smooth liquid surface 
supporting the suggestion o f liquid oceans on the satellite.
Hence, before the arrival o f the Cassini-Huygens spacecraft in Saturn orbit, Titan was 
already being revealed as a wonderfully rich and varied world worthy o f significant further 
study.
§1.3 Cassini-Huygens
In June 2004, Cassini-Huygens arrived at the Satumian system, entering Saturn orbit on 1st 
July. The spacecraft itself was composed o f two parts. Cassini would remain in orbit 
around Saturn taking remote measurements o f the planet and its moons, magnetosphere 
and rings, whereas Huygens would detach from Cassini on the 3rd orbit to descend through 
Titan’s atmosphere on 14th January 2005.
Cassini was armed with a suite o f 12 instruments and Huygens 6 . The Cassini instruments 
most relevant to the investigations o f Titan’s surface and lower atmosphere follow, along 
with a brief description o f  their relevant capabilities.
• Composite In frared  Spectrom eter (CIRS) CIRS uses two spectrometers, one for 
the far and one for the near infrared regions, coupled with a 50 cm telescope. It 
achieves spectral resolution o f 0.5 to 15.5 cm'1. It was designed to search for 
carbon, oxygen and nitrogen bearing molecules and aerosols in Titan’s atmosphere. 
In combination with radio occultation data CIRS allows probing o f  temperatures in 
Titan’s atmosphere in a similar manner to the Voyager 1 investigation (Flasar, et al.
2004).
• Im aging Science Subsystem (ISS) The ISS consists o f a narrow angle and wide
angle telescope with fields o f view o f 0.35° and 35° respectively. It is the highest
spatial resolution imaging system on Cassini and each telescope uses a 1024x1024
pixel CCD. The telescopes are equipped with filters spanning the range 200 to
15
llOOnm, allowing penetration o f  the Titan haze in specific spectral windows 
(Porco, et al. 2004).
• Ultraviolet Imaging Spectrograph (UVIS) UVIS was designed to investigate the 
abundance o f molecular species and aerosols in Titan’s atmosphere and investigate 
global circulation o f the atmosphere by tracking such compounds. The instrument 
would also investigate upper atmospheric processes relating to interactions with 
Saturn’s magnetosphere. UVIS has two spectral channels with ranges o f 56-118 
and 110-190 nm (Esposito, et al. 2004).
• Visible and In frared  M apping Spectrom eter (VIMS) VIMS is an imaging 
spectrograph, with moderate spectral and high spatial resolution; it therefore 
provides an intermediate instrument between the ISS and CIRS instruments 
providing synergies between the three datasets. The VIMS instrument can build up 
an image cube o f  the target having 2  spatial dimensions and a spectral dimension. 
This allows correlation between imaged features o f Titan and their spectra. The 
spectral range, from 0.3 to 5.1 pm, allows VIMS to use the variation o f  methane 
absorption with wavelength to probe different levels in the atmosphere or the 
surface o f Titan (Brown, et al. 2004).
• R adar The Radar is able to operate in synthetic aperture imaging, altimetry, 
scatterometry and radiometry modes and, due to the transparency o f Titan’s 
atmosphere to radar, allows investigation o f  Titan’s surface (Elachi, et al. 2004).
• Radio Science (RSS) The Radio Science subsystem can investigate Titan’s 
atmosphere using radio occultations in a similar manner to the Voyager radio 
occultation experiment and also provide detailed mapping o f  Titan’s gravitational 
field (Kliore, et al. 2004).
Cassini also included the following instruments, although their relevance to Titan’s lower 
atmosphere and surface is not as significant as those above.
• Cassini Plasma Spectrometer (CAPS)
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• Cosmic Dust Analyzer (CDA)
• Ion and Neutral Mass Spectrometer (INMS)
• Magnetometer (MAG)
• Magneto spheric Imaging Instrument (MIMI)
• Radio and Plasma Wave Science (RPWS)
Huygens was specifically designed to perform an in-situ investigation o f  Titan’s 
atmosphere. The probe itself was not provided with a soft (i.e. airbag or rocket assisted) 
landing mechanism and post-landing science could not be guaranteed. Despite this, the 
probe was expected to float for a short period o f time should it land on a liquid surface and 
it was also expected to survive landing if the substrate was not too hard. Bearing this in 
mind, o f the six instrument packages on Huygens, only one was designed to study 
primarily at the surface o f Titan, with the rest being atmospheric instruments. A brief 
description o f each instrument follows.
• Huygens Atmospheric S tructure Instrum ent (HASI) HASI included 
accelerometers, electrical conductivity sensors and temperature and pressure 
sensors for measuring physical properties o f the atmosphere during descent 
(Fulchignoni, et al. 2002).
• Gas C hrom atograph Mass Spectrom eter (GCMS) The GCMS was a gas 
chromatograph connected to a mass spectrometer that allows individual species to 
be separated by both volatility and mass number. The system takes direct 
atmospheric samples from an altitude o f approximately 176 km to the surface as 
well as accepting samples from the ACP (see below) (Niemann, et al. 2002).
• Aerosol Collector Pyrolyser (ACP) The ACP sampled atmospheric gases, 
pumping them through a filter to extract any solid particles or aerosols. The 
collected aerosols were then baked at up to 600° C and any gases evolved from this 
pyrolysis were passed to the GCMS for analysis (Israel, et al. 2002).
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• Descent Im ager/Spectral Radiom eter (DISR) DISR performed all the imaging 
and spectral functions o f  Huygens. It included three cameras, all on fixed 
mountings on the probe. Each camera was centred on the same azimuthal point 
with different angles o f  nadir, allowing a field o f view covering the range from 6.5° 
(almost straight down) to 96° (slightly above horizontal). The cameras relied on the 
spin o f  the probe during descent to produce images at different angles o f  azimuth. 
DISR was also armed with a solar sensor, spectrometers, and photometers 
(Tomasko, et al. 2002).
• D oppler W ind Experim ent (DWE) The DWE consisted o f an ultra-stable 
oscillator on the Huygens probe as part o f the radio link and a similar ultra-stable 
oscillator on Cassini. This would allow the Doppler shift in the signal to be 
determined and hence the line o f  sight velocity to be calculated. This would allow 
determination o f the effect o f Titan’s winds on Huygens (Bird, et al. 2002).
• Surface Science Package (SSP) SSP was the only instrument on Huygens with the 
primary aim o f measuring properties o f Titan’s surface (Zarnecki, et al. 2002). 
However, some sensors within the package also had the potential to work during 
descent. As there was a strong possibility o f  a liquid landing, many o f  the sensors 
were developed to measure properties o f liquids such as refractive index, speed o f  
sound, depth, thermal conductivity, density, permittivity and tilt caused by waves. 
In the case o f a solid landing, SSP included a penetrometer that would measure the 
mechanical strength o f the ground to a depth o f 55 mm, and a sonar that had the 
potential to infer details o f  topography. SSP also included a high sensitivity 
accelerometer. The sound speed sensor and thermal conductivity sensor could also 
take atmospheric measurements during descent in addition to liquid measurements 
post landing. Analysis o f these atmospheric sound speed measurements form the 
basis o f this work.
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§1.4Cassini Huygens Results
Even before Huygens made its descent onto Titan, Cassini was able to pierce the smog to 
view the moon’s surface. When Cassini made its first flyby o f Titan, ISS was able to 
provide the first high resolution images o f Titan’s surface showing a non-homogeneous 
surface with dark and bright regions that correlated well with the Hubble and other Earth- 
based observations. The latest albedo map at the time o f  writing, created using ISS results, 
is shown in Fig 1.1. Even with the increased resolution, no evidence was found to identify 
unambiguously the dark areas as liquids. In fact, the low contrast at the boundaries was 
more consistent with the dark regions being solid (Porco, et al. 2005).
Despite the still ambiguous status o f  liquids on Titan, within the first few flybys ISS was 
able to show that the moon’s surface has preserved relatively few impact craters and has an 
age o f only 130 -  300 Myr (Porco, et al. 2005). Other features identified on the surface 
include diffuse bright streaks, narrow dark lineaments and bright and dark patches and 
spots. Some possible explanations for these features include aeolian or fluvial activity, icy 
volcanism and tectonic activity, although no firm conclusions have been made (Porco, et 
al. 2005). One particularly likely candidate for a cryovolcanic feature on Titan has been 
observed by the VIMS instrument (Sotin, et al. 2005). The feature in question is bright and 
roughly circular with a dark spot in the centre. It also includes two large lobate extensions, 
which have been interpreted as possible cryolava flows.
ISS was also able to see a large methane cloud structure circling Titan’s south pole similar 
to those seen from Earth. Based on their morphology they have been interpreted as 
convective tropospheric clouds (Porco, et al. 2005). Models o f  convective motion on Titan 
have predicted similar cloud clusters (Hueso & Sanchez-Lavega 2006), and the modelling 
indicates that the south polar formation is made up o f approximately 1 0 0  convective cells 
capable o f raining heavily for at least around 2  hours, dropping around 1 0 0  kg m ' 2 
(approximately 20 cm) o f methane rain onto Titan’s surface.
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In addition to the polar cloud formation, long thin clouds, aligned almost along lines o f 
constant latitude, and small mid-latitude tropospheric clouds have been seen (Porco, et al.
2005). The smaller clouds are found to have similar cloud top altitudes as the polar clouds 
o f around 25 km; however, the long thin clouds are much lower. The preferred explanation 
for formation o f clouds at such a low altitude is emission o f methane from surface sources 
such as cryovolcanoes. However, so far, no surface features have been found to be 
associated with the clouds in the ~ 1  km resolution images available.
The Cassini Radar was also able to use its synthetic aperture radar (SAR) functionality to 
observe Titan’s surface during the early part o f the mission. At each flyby where the SAR 
is used, a long thin strip o f Titan is imaged. The resulting strips are monochrome, with 
bright regions corresponding to areas either with a high radar reflectivity, a tilt angle 
towards the probe or a rough surface on scales similar to the wavelength used. Although 
there is not a 1:1 correlation between features seen in SAR and by the ISS or VIMS, many 
features seen by ISS are seen by SAR. The SAR images show channels, impact craters and 
possible volcanic flows (Elachi, et al. 2005; Elachi, et al. 2006; Stofan, et al. 2006).
One discovery made by the radar relates to the dark areas o f Titan’s surface. The dark 
equatorial regions (latitudes less than -45°) have been shown to be covered by dune 
formations (Lorenz, et al. 2006b). These are visible using SAR because they are aligned in 
an approximately east-west direction and have been viewed by Cassini from the north and 
south. The change in tilt across the dunes is hence highlighted in the SAR images. The 
dunes do not show up, however, in other wavelengths because scattering o f  sunlight by 
Titan’s atmospheric haze creates diffuse lighting conditions at the surface with little or no 
shadowing (Porco, et al. 2005). The observations o f dune features indicate conclusively 
that the equatorial dark regions cannot be seas o f liquid hydrocarbons. The dunes are 
longitudinal (i.e. parallel to the prevailing wind direction) and could be composed o f  sand 
sized grains o f organic molecules formed in the atmosphere or o f ice particles (possibly
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incorporating impurities), although the dark colour when viewed with ISS suggests that 
solid organics are the preferred explanation.
Although higher latitude regions do not show dune features, it is likely that these areas are 
composed o f similar granular, solid material to the equatorial regions. The lack o f visible 
dunes could be caused by increased wetting or lower wind-speeds closer to the poles which 
would in turn lead to a reduction o f the saltation processes required in dune formation 
(Lorenz, et al. 2006b).
Although the dark colour o f the dunes may indicate a composition o f  organics, the VIMS 
instrument has found that the spectra o f these regions is best approximated by pure water 
ice (McCord, et al. 2006). As methane clathrate hydrate has an almost identical infrared 
spectrum to water ice (Smythe 1975) this could also be a potential component. 
Surprisingly, the bright areas were found to be a poor match to water ice and no good 
matches for the spectra o f bright regions have been determined (McCord, et al. 2006).
The lack o f a global covering o f open liquids raises two particularly pertinent questions. 
What is the source o f replenishment for atmospheric methane destroyed by photolysis? 
Where is the large volume o f ethane produced by the same photolysis process over Titan’s 
lifetime (Lunine, et al. 1983)? Earlier in this section, reference has been made to potential 
cryovolcanic activity on Titan, and a cryovolcanic origin for Titan’s methane is very 
plausible. One model (Tobie, et al. 2006) predicts that Titan consists o f  a solid methane 
clathrate hydrate shell above an ice layer which floats upon a subterranean ocean o f  water 
and ammonia. At Titan’s centre lies a silicate core. Methane clathrate hydrate is a solid 
consisting o f methane and water molecules which may form on Titan (Lunine & Stevenson 
1987). Tobie et al. (2006) predicted that over the past ~1 billion years the ice layer should 
have become unstable to convection, leading to the onset o f hot plumes which can cause 
dissociation o f  the clathrate and release o f  methane gas in cryovolcanic outbursts. The 
expected methane production rate is 1-3 times the current destruction rate which may 
explain the survival o f methane on Titan without large surface reservoirs.
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If  methane has existed upon Titan for long periods o f time, as expected in the model by 
Tobie et al. (2006), then large quantities o f ethane should have been produced. At Titan’s 
surface temperatures and pressures, ethane should condense into a liquid. However, instead 
o f a global covering o f liquid ethane being discovered, Cassini has found large expanses o f 
dark dunes. I f  the dunes are composed o f  hydrocarbon material then the dunes themselves 
may have locked away the expected liquid ethane. The ethane atmospheric depth profile on 
the gas giant planet Jupiter requires that ethane is adsorbed/absorbed on/in organic dust 
particles. The ethane cannot be released again at temperatures below -300 K except by 
photon-stimulated desorption. The same process may occur on Titan, hence the grains that 
make up Titan’s dunes may have locked away the expected ethane oceans (Hunten 2006).
thOn 14 January 2005, Huygens entered Titan’s atmosphere and impacted the surface, 
giving an incredibly high resolution snapshot o f a small area o f Titan. Generally, all 
instruments worked well onboard Huygens; however, an unfortunate problem on Cassini 
caused one o f the two radio channel links to be lost with the result that many experiments 
lost some data. Despite this, a vast amount o f information was able to be collected 
(Lebreton, et al. 2005).
The probe itself drifted eastwards during its descent through Titan’s superrotating
atmosphere (Bird, et al. 2005) before reversing direction at approximately 7 km altitude
(Tomasko, et al. 2005) and eventually landing on an area o f dark terrain just a few km
from a boundary with bright terrain. During descent DISR found that haze in Titan’s
atmosphere extended all the way to the surface and the cameras were only able to resolve
surface features once they descended to below -5 0  km altitude. Despite this, DISR was
able to image both the landing site in the dark terrain and the nearby bright terrain. The
images show what appear to be dark drainage channels cut into the bright terrain, ending in
what appears to be a coastline which defines the boundary with the dark terrain. Some o f
the channels appear to be dendritic, with many branches similar to terrestrial channels
formed by precipitation, while others show less branching and are more similar to
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terrestrial sapping channels (Tomasko, et al. 2005). Some images are shown in Fig 1.2 and 
Fig 1.3. Huygens landed in the dark terrain, finding it to be solid but relatively soft and 
similar in texture to uncompacted sand or gravel (Zamecki, et al. 2005). The surface near 
Huygens is strewn with cobbles each with a diameter o f around 10-15 cm sat upon a bed o f 
finer granular material. On top o f this relatively soft material, the SSP penetrometer 
measured a much softer layer with a depth o f approximately 5 mm and then experienced 
large instantaneous force before penetrating into the granular material below. One possible 
explanation is that the penetrometer impacted with one o f the cobbles before pushing it 
aside; the initial soft layer could be organic deposits atop the cobble (Zarnecki, et al. 2005). 
The physical nature o f Titan’s atmosphere was measured during the descent by HASI. The 
minimum temperature o f 70.43±0.25 K was measured at an altitude o f approximately 
44 km and pressure o f 0.115±0.001 MPa. The temperature and pressure at the surface were 
found to be 93.65±0.25 K and 0.1467±0.0001 MPa (Fulchignoni, et al. 2005; Harri, et al.
2006) The temperature profile is shown in Fig 1.4. The agreement with the Voyager 
temperature profiles (Lellouch, et al. 1989) is excellent. The lapse rate at the surface is 
close to the adiabatic lapse rate1 o f  around - 1 . 1  K km ' 1 and generally increases with 
altitude within the troposphere (Fulchignoni, et al. 2005). This would indicate that in 
general, the troposphere is stable to convection; however, no direct measurement was taken 
o f  the ground surface temperature. Where sunlight falls upon a planetary surface beneath 
an atmosphere, a temperature discontinuity can be expected to occur, which, if  large 
enough, may provide a heat source for the onset o f  convection. The accelerometry results 
from HASI do indicate a slight upward motion o f air in the troposphere with a speed 
varying with altitude from 0 to 0.1 m s' 1 (Teemu, et al. 2006).
1 The lapse rate is the rate o f change o f  temperature with altitude. The adiabatic lapse rate is the expected lapse rate for a 
pocket o f  gas rising and expanding adiabatically.
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Fig 1.4 HASI temperature profile measured using the TEM sensor (Fulchignoni, et al. 
2005)
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During descent the composition o f the gas component o f the atmosphere was measured by
the GCMS. Noble gases were found only in trace amounts, with radiogenic argon-40 and
primordial argon-36 existing with mole fractions o f  (4.3±0.1)xl0'5 and (2.8±0.3)xl0'7
respectively. These were the only heavy noble gases found with abundances above the
detection limit o f 10'8. With the fraction o f argon measured at only trace levels the only
two bulk components o f  the atmosphere were nitrogen and methane. The methane mole
fraction was measured at a number o f  points during the descent and was found to be
(1.41±0.07)xl0'2 in the stratosphere increasing to (4.9±0.25)xl0'2 below 8 km in the
troposphere (Niemann, et al. 2005). The low abundance o f  primordial argon has
implications for the formation o f Titan’s atmosphere. Two competing theories for the
formation o f the atmosphere exist. The first is that the nitrogen atmosphere evolved from
ammonia that was incorporated into Titan as an ice during its accretion (Atreya, et al.
1978). The second is that molecular nitrogen was delivered to Titan in the form o f  a
clathrate hydrate. In the second scenario argon should also have been bound in the
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clathrate and should exist on Titan in significant quantities (Owen 1982). As this is not the 
case the ammonia scenario is favoured.
Immediately after landing, GCMS measured an increase in its methane signal indicating 
that methane may have been evaporated from the surface by the heat o f the probe. Other 
larger molecules, such as ethane and possibly cyanogen, benzene and carbon dioxide, were 
also detected after impact (Niemann, et al. 2005).
The GCMS was also used to analyse the pyrolysis products o f the aerosols collected by 
ACP. The pyrolysis fragments detected by the mass spectrometer o f  GCMS indicate that 
the aerosols collected consisted o f large molecules o f  carbon and nitrogen which, upon 
heating, evolved into NH3 and HCN. No difference was observed between aerosols 
collected in the stratosphere compared with those collected in the troposphere (Israel, et al. 
2005).
During the final part o f the descent, the SSP sonar instrument measured the distance to the 
surface and the acoustic reflectivity o f the area around the landing site (Zarnecki, et al.
2005). The reflected signal was found to be specular and showed that variations in 
topography had amplitudes <1 m. The specular reflection indicates a smooth surface on 
scales similar to the sonar wavelength (of the order centimetres) (Towner, et al. 2006).
The SSP speed o f sound sensor was also active during the descent o f Huygens and the 
results will be presented in detail in this work; in particular the speed o f  sound has been 
used as an indicator o f the bulk composition (i.e. methane mole fraction) o f the 
atmosphere.
Since the Huygens landing, significant further development has been made by Cassini.
Imaging o f the north polar region o f  Titan, in particular using SAR, has identified a large
number o f dark features interpreted as lakes and seas (Stofan, et al. 2007). This is the first
discovery o f large expanses o f  liquid exposed on the surface o f  Titan. Full maps o f  the
regions in question await publication although the dark features fall into two broad
categories. Some tend to have irregular coastlines, resembling flooded river basins,
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whereas others tend to be more rounded in shape. Clearly such expanses o f liquid will have 
an effect on the methane cycle on Titan and it remains to be seen how extensive liquid 
features are on Titan’s surface.
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Chapter 2 
Acoustic Properties Instrument - 
Velocimeter
The Acoustic Properties Instrument -  Velocimeter (API-V) was installed on Huygens as 
part o f the Surface Science Package (SSP). Its primary purpose was to measure the speed 
o f sound in any surface liquid should Huygens make a splashdown on Titan. Information 
from API-V, combined with measurements o f other liquid properties by other SSP sensors 
(Table 2.1), would have allowed limits to be placed on the bulk composition o f the liquid 
depending upon the number o f components in the liquid mixture (Hagermann, et al. 2005). 
Each o f these instruments was mounted around or inside a cavity that became 
affectionately known as the Top Hat, due to the shape of its polymer structure. The sensors
and the Top hat can be seen in Fig 2.1
Table 2.1
Surface Science Package sensors (Zarnecki, et al. 2002)
Sensor Properties m easured
Accelerometer Internal (ACC-I) Probe acceleration during descent and after landing
Accelerometer External (ACC-E) High time resolution force as penetrator is pushed into surface
Acoustic Properties Instrument -  Sonar (API-S)
Altitude and surface topography 
during descent and depth o f 
liquid after landing
Acoustic Properties Instrument -  Velocimeter (API-V) Speed o f sound in atmosphere and liquid
Density Sensor (DEN) Density o f liquid
Permittivity Sensor (PER) Permittivity o f liquid
Refractive Index Sensor (REF) Refractive index o f liquid
Thermal Properties Sensor (THP) Thermal conductivity o f atmosphere and liquid
Tiltmeter (TIL) Spacecraft tilt and wave motion
Before launch in 1997, there was an expectation that significant parts, if not all, o f Titan’s 
globe would be covered in oceans or lakes (Sagan & Dermott 1982; Lunine, et al. 1983; 
Lellouch, et al. 1989; Sohl, et al. 1995; Smith, et al. 1996; Lorenz & Lunine 1997). Just
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prior to the Huygens landing, specular radar reflections were discovered in 12 out o f 16 
measurements made using the Arecibo and Green Bank radio telescopes (Campbell, et al. 
2003). These specular reflections were consistent with the existence o f  hydrocarbon lakes 
although this was not the only possible explanation. It was therefore perfectly sensible that 
a large proportion o f  the SSP instruments were optimised for a possible liquid landing. 
However, upon landing, Titan’s surface at the impact site was found to be essentially dry.
Fig 2.1 A cutaway of the SSP Top Hat showing the instruments mounted inside the 
cavity(Zarnecki, et al. 2005). Instrument details can be found in Table 2.1
REFTHP
o
PER/CON
API-V’s secondary objective was to measure the speed o f sound in Titan’s atmosphere
and, as Huygens did not land in a liquid, this was the only objective performed. Despite the
solid surface, API-V continued to function after landing and, had Huygens made a liquid
landing, the primary objective would also have been successfully completed.
The purpose o f measuring the speed o f sound in Titan’s atmosphere was to relate this
property to composition. In an ideal gas, the speed o f  sound, c, is related to composition by
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with y equal to the ratio o f  specific heats, R the ideal gas constant, T the absolute 
temperature and m the mean mass per mole o f the gas mixture. Hence, measuring sound 
speed and temperature o f an ideal gas reveals the ratio y/m. The situation on Titan is, 
however, more complex as the atmosphere is too cold and dense for the ideal gas 
approximation to be used. Instead, a non ideal equation o f state must be used to describe 
the effect o f composition and state on the speed o f sound. This will be discussed in detail 
in Chapter 3.
Both temperature and pressure measurements for Titan’s atmosphere are also required and 
these properties were measured by the Huygens Atmospheric Structure Instrument (HASI) 
(Fulchignoni, et al. 2002; Harri, et al. 2006). As ambient conditions were reported from 
HASI, if Huygens affected the temperature or pressure around it then the conditions 
reported may not correspond to those experienced by API-V. Clearly, the air ahead o f the 
probe was compressed as Huygens descended with this adiabatic compression causing 
some degree o f heating. Solving the Bernoulli equation for inviscid flow around a blunt 
object gives an increase in pressure at the head o f the object of
the altitudes where API-V was making measurements, this equates to around 50-100 Pa. 
The magnitude o f the heating caused by this adiabatic compression has been calculated to 
be approximately 0.01 K. The pressure change is non-negligible, though the dependence o f  
the speed o f sound on pressure is small. This increase in pressure would increase the sound
The temperature change is much smaller than the 0.25 K accuracy o f the temperature 
sensor and can be regarded as negligible.
Eq 2.2
where v is the flow speed and p is the density o f the fluid. For Huygens during descent at
speed by only a few mm s’1, which is orders o f magnitude lower than other uncertainties.
Although there is likely to be heat loss from the Top Hat, estimated to be around 13 W 
(Merryweather-Clarke 1995), the API-V sensors are mounted at the opening o f  the 
structure and hence should be sampling fluid unaffected by heat conducted from this leak. 
In order to determine the affect o f heat radiated out o f the Top Hat entrance a basic model 
has been set up. For an element o f atmosphere a distance, s, ahead o f the probe presenting 
an area, dA and a thickness, dz, the energy absorbed in time dt is 
PH A
dE = —- - f  e_asocdzdt, _  „
2ns Eq 2.3
where P is the power being emitted and a  is the absorption coefficient o f the atmosphere.
Eq 2.3 assumes energy is radiated out o f the Top Hat in a hemisphere. The increase in
temperature caused by this absorption o f energy is
dT = — — — ,
dAdzpcp Eq 2.4
where p is the density and cp is the heat capacity at constant pressure. If  gas is flowing 
towards the Top Hat with velocity v=-s/t then dt=-ds/v, allowing Eq 2.3 and Eq 2.4 to be 
combined and integrated to give the change in temperature
AT = ——
2n  vpcp Jo s Eq 2.5
The integration from 0 introduces a factor o f 1/0. This is because the emission has been 
assumed to come from a point source, so at zero distance the flux is infinite. To avoid this, 
the integration is instead taken to a distance o f 0.06 m. This gives a diameter o f the 
hemisphere approximately equal to the separation o f the sensors.
Wien’s Law indicates that the emission from the Top Hat will be in the far infrared with a 
wavelength o f approximately 30 pm. Laboratory data for the absorption coefficient o f 
methane and nitrogen mixtures at these wavelengths exist down to temperatures o f 126 K 
(Buser, et al. 2004). At these temperatures we can expect a gas mixture representative o f 
Titan’s atmosphere to have an absorption coefficient o f ~ lx l0 '3 m '1. Inserting this value
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into Eq 2.5 and performing the integration, assuming all heat escaping the Top Hat is 
radiated through the opening, gives a temperature increase o f  only lx lO ^K . This is 
entirely negligible. The data o f Busier (2004) indicates that the absorption coefficient 
increases with decreasing temperature, however, to cause an increase in temperature o f the 
order 1 mK would require an absorption coefficient -10  m"1. For an absorption coefficient 
larger than this the absorption would be so strong that radiation would not be able to 
escape from the Top Hat. Hence, it can be stated with confidence that the heat leak from 
the Top Hat does not affect the temperature o f the gas sampled by API-V
§2.1 Instrument description
The design o f API-V was based on the principle o f measuring the time o f flight required 
for a sound pulse to cross a known distance. In theory the speed o f sound could then be 
trivially calculated by dividing the distance by the time o f flight.
The instrument itself consisted o f two identical sensor heads (named API-V1 and API-V2) 
each o f which contained a piezoelectric transducer able both to generate and detect a sound 
pulse. In this way each sensor could be used as both a transmitter and receiver o f sound 
waves.
The two sensor heads were located one at either side o f the opening o f  the Top Hat, and 
were mounted directly onto its glass fibre reinforced polymer (GFRP) structure as seen in 
Fig 2.1. The nominal separation from sensor face to sensor face at room temperature was 
128.9 mm. This location was chosen for a number o f reasons:
1) The location at the bottom o f Huygens would have ensured API-V was immersed 
in liquid if Huygens had landed in a sea or lake.
2) Flow o f the atmosphere through the Top Hat and out o f the vent pipe ensured 
constant resampling o f Titan’s atmosphere during descent.
3) The position at the entrance to the Top Hat gave the most pristine sample possible, 
minimising heating from the probe.
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Fig 2.2 A cutaway through a single API-V sensor
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To take a measurement o f the speed o f sound, API-V 1 transmitted a sound wave, and the 
time taken for this to reach API-V2 was measured. Specifically, the time from beginning 
transmission to the time at which the voltage on the receiving sensor crossed a threshold 
was measured. This process was then repeated with the roles o f the sensors reversed. One 
pair o f these measurements was made every second during the mission, starting just 600 
seconds after the first parachute was deployed at an altitude o f approximately 122 km. 
However it was expected that the tenuous atmosphere at such a great height above the 
surface would not allow transmission o f sound to and from the sensors efficiently enough 
to allow measurements to be taken successfully. Switching on so early in the mission 
ensured that measurements would be taken as soon as the signal was strong enough i.e. at 
the greatest altitude possible.
A schematic diagram showing one o f the sensor heads is given in Fig 2.2. The crystals are 
positioned at the front o f the sensors, clamped in place at four points around their 
circumference, which, in addition to holding the crystals in position, form the electrical 
contacts. The front clamps act as an earth contact and the rear clamps act as an applied or 
measured voltage contact when used in transmitter or receiver mode respectively.
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The crystals themselves were made o f  discs o f 8mm radius and 2mm thickness PXE 5, a 
modified lead zirconate titanate (generally referred to as pzt). PXE 5 has a very low quality 
factor Q (Stretton 1965). The Q-factor is a measure o f how quickly the vibrational energy 
o f the material is dissipated as heat. It is defined as the number o f cycles required for the 
system’s vibrational energy to fall by a factor o f e2n, hence a system with a low Q-factor 
will be more heavily damped than an equivalent system with a high Q-factor. The low Q- 
factor o f PXE 5 (approximately 80 compared with up to 500 for other PXE grades) renders 
it ideal for non-resonant sensing applications (Ejakov, et al. 2003). To maximise the 
transmission o f sound between the piezoelectric crystals and Titan’s atmosphere an 
impedance matching layer was added to their front surface. The impedance matching layer 
consists o f a ~0.7 mm thick disc o f Scotchply® brand XP-241-36 Type I syntactic foam. 
Using available room temperature data for the acoustic impedance o f PXE 5 and the 
syntactic foam with expected values for Titan’s atmospheric acoustic impedance, the effect 
o f the foam has been calculated. It was found to increase the transmission coefficient, for 
the amplitude o f the wave, from sensor head to sensor head, from approximately 1.5x10' 
to approximately 5 .3xl0 '3. This is more than a three-fold increase.
§2.2 Measurement technique
In order to appreciate frilly the data returned from API-V, it is essential to understand the 
process by which each measurement was taken. An electronic circuit, without any software 
or programmable component, drives the sensors. The electronics simply react to an input 
pulse (start signal) which initiates a measurement. The electronic systems used can be 
conveniently divided into three parts, shown diagrammatically in Fig 2.3. The system 
functions as follows:
1) The sound generation electronics produces a 1 MHz square wave pulse o f duration 
10 ps and peak-to-peak amplitude 20 V for use as the transmission signal. This 
signal is passed to the transmitting sensor by a solid state switch.
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2) The receiver detects this signal and the solid state switch directs it to the detection 
electronics. Here it is first passed through a 1 MHz filter and then through a low 
noise amplifier. Finally, the signal is passed to a voltage comparator which 
continuously compares the signal to a voltage threshold o f 69.9 mV and triggers as 
soon as the signal voltage is larger than this threshold.
3) To derive the speed o f sound the timing electronics uses a counter to record the 
time between transmission o f the sound wave and triggering o f the voltage 
comparator. The timing electronics count pulses from a 4 MHz clock, giving 0.25 
ps resolution.
Fig 2.3 Diagram showing how API-V is used to measure the speed of sound
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This measurement process is initiated by the start signal which resets the voltage 
comparator, restarts the counter and causes the sound generation electronics to begin 
producing the wave train as shown in Fig 2.3. After 2 ms the value on the counter is read 
into the memory module and stored for transmission to Cassini. The solid state switch then 
swaps the function of transmitting and receiving sensor heads and the process is repeated.
It is worth noting that if the voltage on the receiving electronics never crosses the threshold 
o f the voltage comparator a timeout value o f approximately 2 ms will be recorded. Also, as
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a precaution to avoid crosstalk between the transmitting and receiving electronics falsely 
stopping the counter, a blanking window o f 50 ps is used, during which time, the voltage 
comparator cannot trigger.
The pulse frequency was chosen to be 1 MHz in order to minimise absorption while 
maximising resolution. Depending upon the amplitude o f the wave the trigger can occur 
anywhere along the quarter o f a wavelength where the signal is greater than zero and 
rising. Increasing the frequency reduces this time period, therefore increasing resolution. 
Classical absorption, however, can be shown to be approximately proportional to the 
frequency squared (Herzfeld & Litovitz 1959). Classical absorption occurs due to shear 
viscosity, molecular diffusion, and thermal conduction and radiation processes, where heat 
is transferred from warm compressed regions o f the waveform to colder rarefied regions. It 
is easy to see that both these effects will increase with increasing frequency and in 
particular the classical absorption coefficient increases greatly for frequencies over ~2 
MHz. Absorption also occurs due to excitation and relaxation o f  internal energy levels 
such as molecular vibrational and rotational excitation levels. This process is caused 
because energy is transferred between the translational and internal degrees o f freedom 
exponentially with a time constant x. If  the frequency o f  a sound wave is close to 1/x then 
significant absorption will occur (Dain & Lueptow 2001b). Methane has a vibrational 
energy level with a relaxation time o f 2 ps at room temperature (Stretton 1965) which 
creates an absorption peak around 0.1 MHz (Dain & Lueptow 2001a; Ejakov, et al. 2003). 
Avoiding this absorption peak may also have been a factor in deciding the frequency used, 
however, post launch investigations have found that the vibrational absorption drops 
significantly with temperature (Dain & Lueptow 2001a) to the point o f being negligible at 
Titan conditions.
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§2.2.1 Instrument Characterisation
Although the principles behind the sensor are relatively straightforward - simply measure 
the time and use the separation measured before launch to determine the speed - it was 
important to verify that the sensors performed as expected in the laboratory. Some 
instrument characterisation work had been performed on the flight models pre-launch 
(Garry 1996). In this work the API-V sensor heads were driven either by a signal generator 
or by the flight electronics and the signals were monitored on an oscilloscope. Nitrogen, 
methane and argon gases were used with the time o f flight being measured by comparing 
points o f constant phase on the transmitted and received wave trains. These time o f flight 
measurements were used to calculate speeds o f sound and uncertainties were estimated to 
be around 1 m s '1.
In order to characterise further the system used in this work, the flight spare model was 
used under a variety o f  conditions and the results compared with expected values. In order 
to carry out this characterisation a small atmospheric chamber was used. This was the same 
chamber as used by Garry (1996) for pre-launch characterisation with modifications made 
as appropriate.
A schematic drawing o f  the chamber is given in Fig 2.4. The chamber was constructed o f 
stainless steel and consisted o f two cylindrical tubes, one shorter and with a smaller radius 
than the other. Each cylinder had a closed end and a flanged end, meaning that when the 
smaller was placed into the larger and the flanges bolted together a small enclosed 
experimental volume was formed. A large O-ring was used to ensure a good seal and an 
inlet and outlet were provided for experimental gases.
Seven electrical feeds were provided for in the form o f an off-the-shelf fitting attached to 
the gas outlet and for some experiments a pressure regulator was fitted. Another pressure 
release valve was added for safety and all gases were vented outdoors. The API-V sensors 
were mounted inside the chamber on small blocks attached to the lid. This lifted the
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sensors away from the lid in order to reduce the effect o f acoustic reflections o ff that 
surface.
The chamber was cooled by submerging it in liquid nitrogen and allowing it to reach 
equilibrium at typically around 85 K. The nitrogen was then allowed to evaporate away 
causing the chamber to warm slowly through the temperature range o f  interest. The rate o f 
change o f temperature while measurements were taken was typically less than 1 K min"1 
and through the Titan temperature regime it was typically 0.3 K min'1.
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Fig 2.4 Schematic drawing of the atmospheric cham ber used for characterisation of 
API-V. The inner cham ber has a diam eter of 148 mm and a height of 81 mm. This 
produces a working volume of approximately 1.4 litres.
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§2.2.2 Initial characterisation
Initially, the chamber was run with a flow through o f  gas ensuring measurements were 
made at approximately atmospheric pressure. The chamber was first purged by allowing 
gas to flow through the chamber at a high rate. The flow rate was then reduced to the 
lowest value that would register on an inline flow meter. The inflowing gas was pre-cooled 
as it entered the chamber by passing it through a copper coil suspended above liquid 
nitrogen. The temperature was measured using a rhodium-iron resistance temperature
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detector (RTD) powered by a previously constructed electronics box and logged on a PC 
via a PICO™ 12 bit analogue to digital converter.
The API-V sensors were driven by the SSP engineering model electronics package and the 
measurements were downloaded from the electronics onto a PC. The results o f  these initial 
runs using nitrogen gas with the sensors at two different separations are shown in Fig 2.5, 
Fig 2.6 and Fig 2.7 along with the expected ideal gas values.
It is clear that the API-V measurements do not agree with the ideal gas approximation. 
Although at low temperatures this may be expected to be the case, nitrogen does behave as 
an ideal gas at room temperatures and consequently the data should be expected to match 
here. This difference may have been caused by incorrect temperature measurements; or 
perhaps problems caused by gas flow into the chamber.
Fig 2.5 Plot showing initial measurement of time of flight for a sound wave measured 
with a sensor separation of 55.1 mm. The solid line is the expected time of flight 
assuming ideal gas conditions.
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Fig 2.6 Plot showing initial measurement of time of flight for a sound wave measured 
with a sensor separation of 83.0 mm. The solid line is the expected time of flight 
assuming ideal gas conditions.
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Fig 2.7 Plot showing speeds of sound calculated for nitrogen from time of flight data 
measured by API-V at two different separations (as plotted in Fig 2.5 and Fig 2.6) 
with the expected ideal gas value shown for reference.
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Another obvious problem evident in Fig 2.7 is that the two different separations produce 
different values for the speed o f sound. This may indicate the presence o f  a systematic 
offset in the measurement, specifically a time delay in the system. Such a delay would 
cause an underestimate o f the speed o f sound which would increase with decreasing 
separation. The temperature measurement and systematic offset issues both required 
actions. These are discussed, in turn, in the following sections.
In addition Fig 2.5 shows some structure in the data beyond simply the smooth change 
with temperature that was expected. This could have been caused by gas flow in the 
chamber or reflections/resonances from the sensors’ casings.
§2.2.3 Temperature measurement
Comparison between the RTD and a mercury thermometer at room temperatures indicated 
a discrepancy o f  around 7-8 K. This probably should not have come as a complete surprise 
as the drive electronics were o f an unknown design and had not been calibrated with the 
RTD, although a calibration curve had been provided with the RTD when purchased. The 
drive electronics were replaced with a Lakeshore Model 33IS temperature controller and a 
four wire setup was used to ensure maximum accuracy. In this method two connections are 
used to supply a 1 mA constant excitation current through the RTD and the further two 
connections are used to measure the voltage dropped across the sensor. As a constant 
current flows through the current connections and negligible current flows through the 
voltage connections any uncertainties caused by wire resistances are eliminated. Hence, 
maximum accuracy can be achieved.
The use o f a rhodium-iron RTD is acceptable in our temperature range o f interest and 
studies have found rhodium-iron measurements to be extremely repeatable (Besley 1985). 
The new setup with a low excitation current should allow an accuracy o f around 0.1 K to 
be achieved. However, Besley found that rhodium-iron sensors need settling by repeated 
cycling to cryogenic temperatures. This is achievable by simply immersing the sensor into
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liquid nitrogen 10 times. This settling procedure is reversed by exposing the sensor to 
temperatures much in excess o f room temperature. In addition it was found that exposing 
the sensor to very high temperatures, such as during soldering, could permanently alter its 
resistance characteristics. This is attributed to relaxation o f stresses in the sensor during 
heating. As our sensor had been soldered a number o f times since its initial calibration, it 
was put through the cryogenic cycling process and a two point recalibration process was 
performed. In this process the resistance of the sensor was measured by the temperature 
controller in a deionised water ice bath and also in liquid nitrogen. The results are shown in 
Table 2.2. Just by altering the drive electronics and switching to a four wire setup the 
accuracy has been greatly improved, giving accuracies around 0.2 -  0.3 K. However, to 
achieve the 0.1 K accuracy that should be possible with this system, the two calibration 
points have been used to generate a weighting function to correct the previous calibration 
curve. If  the previous calibration function gave temperature T' as a function o f resistance R 
then the new calibration curve can be given by
T(R) = W(R)T' (R ). Eq 2.6
Here W(R) is the weighting function determined from a linear interpolation through the 
two new calibration points. In this case W(R) was found to be given by 
W(R) = 0.99592 + 1.12x10”4R ,
with R expressed in Ohms. The final calibration curve can be found in Fig 2.8.
Table 2.2 Calibration points for rhodium -iron RTD
Calibration point RTD Resistance T em perature using old calibration
Nitrogen boiling point 
77.28 K (at 1009 mbar) 6.844 Q 77.54 K
Deionised water ice point 
273.15 K 27.051 a 273.38 K
Unfortunately, with the new electronics in use and working no comparison with the 
original setup was made. This means that it is impossible to retrospectively correct the 
temperature data used in Fig 2.5 and Fig 2.6.
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In addition to the temperature sensor overhaul, problems caused by gas flow through the 
chamber also needed to be solved. The gas flowing through the chamber would have 
caused a number o f problems. The gas coming into the chamber was not generally at the 
same temperature as that already inside. The gas was pre-cooled but no attempt was made 
to match the temperatures directly. As the speed o f sound is very dependent upon 
temperature, the inflowing gas would have significantly effected the measured time o f 
flight.
Fig 2.8 Calibration curve for the atmospheric chamber’s rhodium-iron temperature 
sensor.
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In addition, as the sound waves travel into the inflowing gas, they would have been 
refracted due to the change in travel speed. At low temperatures where the gas has a low 
viscosity and high density the Reynolds number o f  the flow may have been high enough to
produce turbulent flow into the chamber. It is reasonable to expect that a turbulent and 
constantly changing boundary between the gases o f differing temperatures would cause the 
measured time o f  flight to vary from one measurement to the next. This may be the cause 
o f the increased scatter at lower temperatures seen in Fig 2.5, Fig 2.6 and Fig 2.7. The 
flow o f  different temperature gas into the chamber rendered any temperature 
measurements difficult to interpret, as the gas in the chamber would not have been 
isothermal. In order to alleviate this problem the chamber was redesigned allowing it to be 
used without a flow through o f gas. An inline pressure regulator was installed to allow gas 
to enter the chamber during cooling and then vent it while warming. The regulator could be 
adjusted to maintain the pressure to a particular value, however, when tested, some 
hysteresis was noticed as the regulator vented gas. This hysteresis allowed the pressure 
within the chamber to vary by approximately 200 mbar while using the chamber.
§2.2.4 Detailed Characterisation
The initial characterisation o f the sensor had led to the conclusion that there was a 
systematic offset occurring in our measurements. After upgrading the atmospheric 
chamber with increased accuracy temperature sensing and the ability for it to be used 
without flowing gas this offset could be measured effectively.
The increase in measured sound speed with decreasing sensor separation must come from 
either a systematic underestimate o f the separation or a systematic overestimate o f the time 
o f flight. It is difficult to imagine a way in which the separation could be underestimated as 
this is directly measured, however, a number o f possible sources o f delay in the system 
exist that could cause an overestimate o f the time o f flight:
• Electronics delay. Each active element in the electronics that the signal passes 
through will add a small delay to the time measured. Typical slew rates for op- 
amps used are -100 V/ns and typical propagation delays for other digital
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components are 30 ns. This would lead to a total electronic delay o f the order 
100 ns.
Crystal delay. Each crystal has a non-zero capacitance and a small but non-zero 
inertia. This means that there is a time delay between the voltage being applied to 
the crystal and it reaching the appropriate displacement. This can be seen by 
connecting an oscilloscope across a transmitting crystal. The pulse looks roughly 
sinusoidal compared to the driving square wave; this implies that the crystal does 
not reach, or only just reaches, its maximum displacement before the applied 
voltage swaps polarity. In addition, at the beginning o f the pulse, the crystal is 
starting from zero displacement and zero velocity so there is a short time delay 
measured to be around 100 ns to allow the voltage across the crystal to build up and 
the crystal to accelerate.
Sound travelling through the sensor. When sound is generated by the PXE5 crystal 
it must pass out o f the crystal and through the impedance matching layer before it 
reaches the atmosphere. It must also pass through a similar layer before reaching 
the receiving crystal. The speed o f sound in the impedance matching layer at room 
temperature is 2550 m s'1. Therefore, using the 0.7 mm thickness stated in §2.1 
gives a delay o f 0.55 ps. In addition to this the crystals have a finite thickness, 
generating and sensing sound throughout this thickness. The speed o f  sound in PXE 
5 is 3700 m s'1 and with a thickness o f 2 mm it would take a sound wave 0.54 ps to 
pass through a crystal.
Missing Peaks. As the voltage pulse is converted to a sound wave, which then
travels the distance between the sensor heads and is converted back to a voltage, its
shape changes from a square wave to a dispersed wave pulse (Fig 2.9). Because o f
this the first few peaks in the received signal are significantly smaller than those
later in the signal and may be missed. For every peak missed a delay o f 1 ps is
created. In flowing turbulent medium it may be that the signal is degraded and
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many peaks are missed; however, even in perfectly still, ideal conditions one or 
more peaks are reproducibly missed by the sensors.
Clearly the total offset can be expected to be o f the order o f a microsecond or more. The 
offset could also be temperature dependent so should be measured under Titan-like 
conditions.
Fig 2.9 Plot showing a typical received signal using the flight spare API-V sensors in 
the laboratory.
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In order to measure the time offset, a pair o f metal bars was manufactured that straddled 
the two API-V mounting blocks. The bars had a series o f threaded holes to allow the 
sensors to be mounted at various different separations and using these mounting bars 
allowed the time o f flight to be determined over these different distances. Plotting time o f 
flight against separation yields the speed o f sound from the gradient and the time offset 
from the intercept on the time axis. In this way the offset can be measured directly without 
reliance upon a speed o f sound model, which may introduce its own systematic errors. 
During the experiment API-V was driven by the engineering model electronics. However, 
a digital oscilloscope was connected directly to the electronics board to permit detailed 
analysis o f  the results. The start signal was employed as a trigger for the oscilloscope and 
the received signal was recorded by connecting the oscilloscope after the cleaning and
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amplification stages but before the voltage trigger. See Fig 2.3 for details o f  the electronics 
chain.
The experiment ran over five sessions using nitrogen in the chamber. In each case the 
atmospheric chamber was cooled using liquid nitrogen to around 80 K, with the pressure 
regulator set to maintain the pressure around 1400 mbar. This pressure not only mimicked 
the surface pressure on Titan, but also ensured a positive pressure was maintained in the 
chamber. Consequently, any poor seals did not allow atmospheric gases to enter the 
chamber. This did, however, cause some problems at very low temperatures. As the 
chamber cooled the vapour pressure o f  nitrogen was depressed until it reached 1400 mbar 
at which point the nitrogen began to condense. This was evident during the experiments 
from an increased flow o f nitrogen into the chamber as the regulator attempted to maintain 
the pressure at 1400 mbar. This could cause problems, as an abrupt rise in temperature that 
would cause the condensation in the chamber to boil may generate turbulence within the 
chamber therefore degrading results. A significant safety risk could also be posed if the 
regulator was unable to vent the gas fast enough. In order to minimise the safety risk the 
gas flow was switched off when condensation began to occur. Once the chamber had 
cooled to around 80 K the liquid nitrogen coolant was allowed to evaporate away and the 
chamber was allowed to warm up to ambient temperature slowly.
The oscilloscope and temperature controller were both connected to, and monitored by, a 
PC using a General Purpose Interface Bus (GPIB, also known as an IEEE-488 bus). At one 
Kelvin intervals a program on the PC recorded the trace from the oscilloscope and logged 
the temperature. The C++ code for this program is included in the appendix. 
Unfortunately, a pressure sensor with a PC logging facility was not available. Instead a 
webcam was set up and the logging program photographed the digital display o f  the sensor 
whenever a measurement was saved to the PC. The digital photographs were then 
manually transcribed after the session was complete. The complete setup is shown in Fig 
2 .10.
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Fig 2.10 Layout of system for calibration of API-V. Elements are 1) Sun com puter for 
controlling Surface Science Package electronics; 2) Surface Science Package flight 
spare electronics; 3) oscilloscope; 4) pressure sensor; 5) atm ospheric cham ber; 6) web 
cam for recording display of the pressure sensor; 7) PC for logging data; 8) 
tem perature controller.
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Once the data for a session was collected each trace was examined to determine the time 
between the start signal triggering the scope and the received sound signal crossing a 
threshold o f 0.2 V. The electrical noise in the laboratory forced such a high threshold to be 
used despite it being nearly three times larger than the 69.9 mV value used on Huygens. 
However, the separation o f the sensors in the cryogenic facility was smaller than that on 
Huygens and it is expected that classical absorption and spreading o f the wave front would 
have caused the signal amplitude to be larger by a similar factor. Logging the oscilloscope 
trace and checking the time o f flight in this manner was, however, preferable to using the 
time measured by the SSP flight spare electronics for a number o f reasons:
• False triggers caused by noise, crosstalk or spikes in the signal could be filtered out.
• There was a significant download time to take measurements from the engineering 
model electronics to a logging PC. It was not known how this would effect time- 
stamping o f the data. This uncertainty in the time each measurement was taken 
would create an uncertainty in the temperature at which the measurement was 
taken, possibly o f the order a few Kelvin.
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• The trigger on the engineering model electronics was not set identically to the flight 
model. In particular, the engineering model voltage trigger was set at a negative 
voltage, whereas the flight model was believed to be positive.
Five different separations were used to determine the offset. These were approximately 78, 
64, 50, 36 and 22 mm, although corrections were made for the thermal contraction o f the 
bracket at low temperatures.
It had been hoped that the results could be used to determine the offset independently o f  
any speed o f  sound model. However, at low temperatures, where the pressure dependence 
o f sound speed increases, it appears that the limited control o f  the pressure introduced a 
significant scatter into the measurements. In particular the pressure during the 
measurements made at -36  mm separation was much lower than the other sessions, 
perhaps because less nitrogen condensed in the chamber. The pressure profiles o f  the 
sessions are shown in Fig 2.11.
In order to attempt to compensate for this effect a pressure corrected time o f flight t COr r ( T , P )  
was generated from the measured time o f flight, t m eaSu r e d ( T , P ) ,  and a predicted time o f flight 
generated by a non-deal equation o f state t pred ic te d  by
t Co „ ( T . P )  =  t m.Uu ,.d(T . P ) - t preJ i « d ( T >P ) + t p«dict«d(T >1 5 0 0 / m b a r )  j ,  j g
The equation o f state used was supplied by the National Institute o f Standards and 
Technology (NIST) and will be discussed further in Chapter 3. The measurement o f  the 
offset is now no longer independent o f a speed o f  sound model; however, this process is 
still preferable to simply comparing the measured time o f  flight to a predicted value. 
Comparing the measured time to the expected time would introduce a model dependant, 
systematic uncertainty, based upon the strong dependence between the speed o f  sound and 
temperature. Using Eq 2.8, the uncertainty introduced is based upon the much weaker 
relationship between the speed o f sound and pressure.
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Fig 2.11 Plot showing how pressure varied in the atmospheric cham ber as it warmed 
during each measurement session
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The only significant change made by this correction process is to increase the time o f flight 
around 90-100 K for the 36 mm separation measurements. This is as would be expected, as 
the pressure dependence o f the speed o f sound increases with decreasing temperature and 
the pressure difference between the 36 mm separation measurements and the others is at its 
maximum in this temperature range. The result is to raise the measured offset in this 
temperature range by around 0.5 ps.
For each separation that was used a time o f flight measurement was made at every integer 
temperature value throughout the range 82-288 K. For each temperature value a plot o f  
separation vs. time o f flight was produced. The intercept on the time axis o f this plot was 
calculated and it is this value that represents the time offset in the measurement. An 
example, showing one o f the 207 plots can be found in Fig 2.12.
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Fig 2.12 Plot showing the time of flight measured using the API-V flight spare sensors 
at different separations in nitrogen at 88 K. Uncertainties on the points are 
approximately the same size as the points themselves. The insert shows a zoomed view 
of the origin where a straight line fit has been extrapolated to the y axis. The plot 
shows an intercept of 3.48 ± 0.7 ps rather than passing directly through the origin as 
expected and indicating an offset in the API-V measurements.
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The offset measurements are presented in Fig 2.13 for all temperatures from 82 K to 288 
K. The one-sigma error bars on each data point are derived from the scatter o f  the straight 
line fit between time o f  flight and separation. The plot seems to show a horizontal line with 
little deviation above 170 K. Below this temperature the data has a larger scatter, although 
this is appropriate as the error bars for these data points are also larger. This increased 
uncertainty is probably due to the difficulty maintaining accurate pressure control 
discussed earlier. The three leftmost data points all show slightly larger values for the 
offset. The uncertainties on these points, however, are large and it seems unlikely that this 
is a significant rise. The null hypothesis, that there is no dependence o f the offset upon 
temperature, seems appropriate. To test this null hypothesis the correlation coefficient for 
the data in Fig 2.13 has been calculated. It’s value is 0.07 showing a very low correlation. 
In addition a linear fit to the data gives a gradient o f 5x1 O'4 K s '1. Based on this evidence it 
is appropriate to conclude that there is no temperature dependence in the offset. Taking a
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weighted mean o f  all the measured values results in an offset o f 3.71±0.04 ps. 174 o f the 
188 data points (93%) lie within 1 error bar o f this value.
It is also o f interest to use the gradient o f our time o f flight vs. separation plots to generate 
speed o f sound data. Again, the corrected time o f flight measurements were used and the 
values compared with NIST equation o f  state predictions at 1500 mbar. The measurements 
are a good match for the NIST data and o f the 188 data points all are within 0.9%, 179 are 
within 0.5% and 97 are within 0.1%.
§2.2.5 Top Hat Contraction
Unfortunately, no measurements were made o f  the amount that the Top Hat would contract 
under Titan conditions. However, two prototype Top Hats were available that could be 
examined. One o f these structures included an aluminium ring, bonded to the base for extra 
strength, as used on the flight model.
It is worth considering that the Top Hat is manufactured from a composite glass fibre 
reinforced polymer (GFRP), a material that is neither homogeneous nor isotropic. In 
addition, this material is used in a thin layer so there is little scope for averaging out 
inhomogeneous properties. The result o f this is that no two Top Hats are likely to be 
identical in their thermal contraction properties and that the two prototypes may behave 
differently to the flight model. However, the two API-V sensor heads are mounted close to 
the reinforcing aluminium ring. As aluminium has a much higher stiffness than GFRP it 
may be expected that any stresses caused by different thermal expansion coefficients will 
result in the GFRP being deformed to match the contraction o f  the ring rather than the 
other way around. With this in mind the prototype Top Hat with the aluminium reinforcing 
ring was chosen as the one most representative o f the flight model.
This prototype was cooled to liquid nitrogen temperatures to measure its contraction. The 
method employed was to measure between 7 pairs o f points on the Top Hat at room 
temperature using digital callipers then submerge the Top Hat in liquid nitrogen. The Top
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Hat was then lifted from the liquid nitrogen and one o f the pairs o f points quickly 
remeasured. This was repeated for all 7 pairs. Digital callipers were the favoured 
instrument for measurement, anticipating that the speed with which they could be used 
would minimise any temperature rise which would occur between lifting the Top Hat from 
the liquid nitrogen and taking the measurement. The results are shown in Table 2.3. The 
average fractional change is (-0.37±0.13) % where the stated uncertainty is the standard 
deviation o f  the measurements. The uncertainty in this value is rather large. This may be 
due to the crude manner by which the measurements were taken or to the inhomogeneous 
nature o f the material. However, it is worth noting that the value measured is consistent 
with the value for aluminium at 80 K o f -0.391 %.
Table 2.3
Change in separation between points on a prototype Top H at caused by cooling to
liquid nitrogen tem peratures
Separation at room 
temperature (mm)
Separation at liquid 
nitrogen temperature (mm)
Fractional change (%)
93.78 93.32 -0.49
93.81 93.49 -0.34
93.88 93.5 -0.40
93.57 93.19 -0.41
93.59 93.08 -0.54
93.65 93.47 -0.19
208.02 207.6 -0.20
93.78 93.32 -0.49
208.02 207.6 -0.20
Average -0.36
Standard deviation 0.13
During the mission it is expected that gas will have been flowing through the Top Hat and
that certainly at the entrance where API-V was mounted, the temperature o f the structure 
would have been very close to ambient. Hence, to estimate the separation o f  the sensors, it 
has been assumed that the flight model Top Hat is the same as the prototype measured in 
the lab, the coefficient o f thermal expansion is constant from room temperature to 80 K 
and that the temperature o f the Top Hat was equal to the ambient temperature measured by 
HASI. This gives a separation at Titan’s surface conditions o f  128.5±0.1 mm. The 
uncertainty quoted is simply based upon the standard deviation given in Table 2.3; any
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uncertainty due to uncertainty in temperature is small. Changing the temperature by 10 K 
only alters the separation by 0.02 mm, much less than the 0.1 mm quoted accuracy.
§2.3 Signal Strength
In order to estimate the altitude at which API-V will begin making successful 
measurements in Titan’s atmosphere it is important to understand how the signal strength 
will vary with changes in the medium being sampled. As the voltage response o f  the 
piezoelectric crystals is proportional to the pressure exerted onto the front face by the 
sound wave, it is useful to define a transmission coefficient, T, in terms o f  pressure 
amplitude rather than intensity, which is a measure o f incident energy. I f  an acoustic wave 
passes from material 1 to material 2 then the pressure amplitude o f  the transmitted wave, 
Pt, relative to the pressure amplitude o f  the incident wave, P j ; is given by 
f  \
T = —  = 
P 1 + ^ 2/  1+ A Eq 2.9
where Zi and Z2 are the acoustic impedances before and after the boundary respectively. 
The acoustic impedance o f any material is given by 
Z  = pc
H Eq 2.10
where p is the density and c is the speed o f sound. An interesting effect is that despite
energy being reflected from the boundary, if Z2  < Zi the amplitude o f  the pressure wave 
can increase. Clearly, as Huygens descends towards Titan’s surface, the density o f the 
atmosphere will increase and the speed o f  sound will change, altering the acoustic 
impedance and the signal strength.
We can apply Eq 2.9 to every boundary the sound wave passes through to determine an 
expected combined transmission coefficient, T e x p e c t e d ( Z Cr y s ta i, Z m atCh in g  la y e r , Z g a s ) .  The voltage 
response o f  the receiving piezoelectric transducer is proportional to pressure. However, it
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is then amplified, introducing possible offset voltages. Hence, if the voltage amplitude o f 
the transmitted signal is constant, then 
V °c A + T
expected Eq 2.11
where Vr is the voltage amplitude o f the received signal, and A is a constant. This assumes
that the sensors emit a plane wave and no absorption takes place.
Fig 2.14 Plot showing the variation of the peak received signal voltage with the 
expected transmission coefficient from sensor to sensor.
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Values for A and the constant o f proportionality were determined by experiment using the 
atmospheric simulation chamber. The chamber was filled with pure nitrogen gas at room 
temperature then pressure o f  the chamber was gradually reduced using a vacuum pump in 
order to reduce the density, and hence acoustic impedance, o f the gas. The maximum value 
o f the received signal, Vmax, was recorded and has been plotted against T e x p e c te d  in Fig 2.14.
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The data extends only to values o f  T e x p e c te d  o f around 0.32x1 O'3, which corresponds to a 
pressure o f around 850 mbar. Below this pressure the signal was too weak to be reliably 
distinguished from the background noise level. However, extrapolating a straight line fit 
just past the lower limit o f the data indicates that the flight sensor with a voltage trigger o f  
69.9 mV will require a transmission coefficient o f at least -0.315x1 O'3 which, using room 
temperature data for the sensor materials, corresponds to a required impedance o f the 
sampled gas o f at least -629 Rayl. Examining the predicted engineering model for Titan’s 
atmosphere, it should have been expected that the sensor would begin to operate at around 
10-12 km altitude. As will be seen in Chapter 4, the first successful measurement o f the 
speed o f sound was achieved at -11 km altitude, so at this point the sensors were working 
as expected.
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Chapter 3 
Speed of Sound
The speed o f a sound wave as a diagnostic o f  composition o f  gas is something we have 
probably all seen performed when someone’s voice becomes high pitched if they breathe 
helium. In this case the speed o f sound is greater in helium than in air, and hence the 
resonant frequency o f  the person’s throat increases in proportion to this. From this simple 
example, it is easy to imagine that the speed o f  sound can be used as an indicator o f 
composition. In order to do this, however, a-priori knowledge must exist defining the 
speed o f  sound in different fluids. In addition, if  mixtures o f fluids are to be considered 
then the way in which the speed o f  sound varies with mixing ratio must be known also.
This chapter describes how a wave propagates through a medium and from this, 
demonstrates how the speed o f sound in gases can be predicted. Particular reference is 
made to Titan’s atmosphere, where the ideal gas law cannot be applied. Both pure fluids 
and mixtures are considered.
§3.1 Wave Propagation in a Medium
To describe a sound wave in its most general form a property o f a medium, y, is considered 
to vary along the x direction at a given time. We can therefore describe y as a function o f  x 
y = f(x) .
J v ' Eq 3.1
This is clearly a very general statement; however, for a periodic wave, y represents any
periodically varying property (such as the transverse displacement o f a string or variation 
o f pressure in air) and f  would be a periodic function which, for example, could be as 
simple as a sinusoid or a more complex Fourier series. I f  the wave is moving in the x 
direction with a velocity c, but otherwise does not change, we can incorporate this 
movement over time, t, by altering Eq 3.1 to
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y = f ( x - c t ) . Eq 3.2
Despite the generality o f  Eq 3.2 the speed term can be extracted from the function f  by 
differentiating twice with respect to t and x giving
3 2y _  2 3 2f ( x - c t )
at2 9(x - c t ) 2 ’ q
9 2y _  3 2f ( x - c t )  
d x2 3 ( x - c t ) 2
These can be combined to produce
Eq 3.4
2 _  dt
Eq 3.5
d x2
This equation is valid for any kind o f periodic wave motion and can be used to determine 
how the speed o f sound varies in a material. As Titan’s atmosphere is being considered in 
this work, the speed o f sound in a gas will be investigated further. Consider an infinite tube 
o f cross sectional area A, down which a plane wave is transmitted. Molecules at a distance 
x along the tube from an arbitrary origin are on average displaced by a distance s, which is 
a function o f x-ct, and we can consider this displacement as the periodically changing 
variable y given in Eq 3.1 to Eq 3.5. At a time, t, the fractional volume change for a given 
small mass o f gas is given by 
d V = ds_
V “  dx ' Eq 3.6
Therefore, if two points are considered along the tube, a and b, separated by a small 
distance 8x then the difference in fractional volume change between gas at the two 
locations is given by
- 3 v  a 2s s
V 3x2 E q 3 .7
The bulk modulus o f a gas is defined as
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K = —V —
ay  Eq 3.8
which can then be used to estimate the difference in pressure between a and b. 
d 2s
5P = — y5xK  _
dx Eq 3.9
The net force on the element o f fluid between a and b is ASP and the mass o f this element 
is SxAp. Applying Newton’s 2nd law o f motion to the element and using Eq 3.9 to define 
SP gives
a  d ' s  *  i r  £  a  d ' sA — -6xK  = oxAp—-  ^
0x2 H 3 t2 Eq 3.10
This rearranges to
a 2s
Eq 3.11
and then comparison to
d2y
Eq 3.5
shows that
° 2 = y n -/ P  Eq 3.12
From Eq 3.12 it is clear that the speed o f sound is dependent upon composition as K will 
vary between different types o f gases. However, K is a thermodynamic quantity and will 
vary depending upon whether the conditions are isothermal or adiabatic. For a sound wave 
o f high frequency the adiabatic approximation is most appropriate. However, at low 
frequencies this becomes a less good approximation meaning that K, and hence c, will vary 
with frequency. This property can cause dispersion to occur for broad band signals.
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In order to investigate sound speed further, an appropriate equation o f  state based on either
experimental data or theoretical models is required so that the appropriate value o f  K can
be determined. This is considered in the next section.
§3.2 Ideal Gas Equations of State
The most basic equation o f state that can be used is the ideal gas law
P = — RT „m Eq 3.13
where m is the mean molecular mass and R is the gas constant. P, T and p are pressure
temperature and density respectively. Under adiabatic conditions it is known that for a
fixed number o f ideal gas molecules
PV Y = constant
where y is the ratio o f specific heats. This can be differentiated to give
Eq 3.14
3P _  _yP
av ~ v  Eq 3.15
We can combine Eq 3.8, Eq 3.13 and Eq 3.15 to find that
K = yP = —  RT, . . .
' m Eq 3.16
So from Eq 3.12
C =  ^ R Tm Eq 3.17
Therefore, it can easily be seen that measurement o f temperature and the speed o f  sound in 
an ideal gas allows calculation o f  the ratio y/m; in a binary mixture we can therefore 
determine the mole fraction o f each constituent. If  we assume that in a binary mixture m 
and y vary linearly with mixing ratio2, then Eq 3.17 can be used to investigate how 
sensitive this composition calculation is to the speed o f sound and temperature. For a 
mixture o f nitrogen and methane at temperatures close to those expected in Titan’s lower
2 This is rather crude as y is not a linear function o f  mixing ratio. However, it is a useful approximation at this stage.
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atmosphere Eq 3.17 indicates that a change o f 1 m s '1 in the speed o f  sound would be 
caused by a change o f ~2.5 % in mole fraction o f  methane. Clearly temperature must also 
be considered and a change o f 1 K in temperature is equivalent to a change o f -2 .8  % in 
mole fraction. These calculations suggest that measurement o f the speed o f sound has the 
potential to be a reasonably sensitive probe into the composition o f Titan’s atmosphere. 
However, care must be taken in ensuring accurate measurements are taken and that 
temperature change is not misinterpreted as composition change.
§3.3 Non-Ideal Equations of State
Eq 3 .1 3 -E q  3.17 and the calculations in §3.2 have all assumed the ideal gas law; 
unfortunately on Titan the atmosphere is dense, meaning that interactions between 
molecules occur, i.e. we cannot assume that gas molecules are infinitely small point masses 
as in an ideal gas. This causes deviation from the ideal gas law that must be accounted for 
in our calculations. A number o f different equations o f  state have been investigated for use 
with the Huygens data and comparison to scarce experimental data has been used to decide 
which equation o f state should be used. A description o f each equation o f  state investigated 
follows.
§3.3.1 Modified Benedict-Webb-Rubin Equation of State
The National Institute o f Standards and Technology (NIST) is able to provide a number o f 
different programmed implementations o f equations o f  state. Database 14 is such an 
implementation and can predict the speed o f sound in pure substances and mixtures o f  17 
different components including nitrogen and methane.
For a given pressure and temperature, the database uses a Peng-Robinson equation o f  state 
(PREOS) (Peng & Robinson 1976) to determine the stable phase(s). The PREOS is an 
evolution o f the van der Waals equation o f  state and builds upon earlier modifications 
(Redlich & Kwong 1949; Soave 1972), all o f which have the advantage o f having only two
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terms. This ensures only two empirical constants are required. The two constants can hence 
be determined from the fluid’s critical properties only. In addition, the computing power 
required to use these equations o f  state is minimal. The further advantages o f the PREOS 
over previous work include an improved agreement between measured and predicted 
vapour pressures for pure substances and an increase in agreement with vapour liquid 
equilibrium results for mixtures, especially those including paraffins, hydrogen and 
nitrogen (Han, et al. 1988).
To determine the thermodynamic properties o f the respective phases, a modified Benedict- 
Webb-Rubin equation o f state (MBWREOS) (Jacobsen & Stewart 1973) is used. This 
equation o f state essentially describes the pressure as a 32 term polynomial with terms in
1 1 *5 1 *2 9 9__________________________________________ _
p -p , T -T" and exp(-p /pc ) where pc is the critical density o f  the fluid. These 32 terms 
were selected from a possible 50 as those with the most significant correlation factors to 
experimental data. The 32 terms each require an empirical constant determined by least 
squares fitting to experimental data for each o f the seventeen components available in the 
database (Younglove 1982; Younglove & Ely 1987).
To calculate the properties o f mixtures, an extended version o f  the corresponding states 
theory is used with the van der Waals mixing rules (Ely 1990). In the corresponding states 
theory all molecules are assumed to have a spherically symmetric potential with the same 
functional form. This leads to the conclusion that the pressure at a particular reduced 
temperature and reduced density is equal for all gases. This can be represented such that 
for fluids i and j 
Pi(p,,Ti ) = P i(pih ii,T i/ f ii),ivri> i/ j \r j ij’ j / y /’ Eq 3 18
where h and f  are constants used to map the temperature-pressure-density curve between 
the two fluids. They are given by the ratios o f critical densities and temperatures 
respectively,
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Eq 3.20
Eq 3.19
where superscript c indicates the critical property. We can then define the pressure o f a
mixture o f n components by
^m ix ( P  mix > ^m ix )  ( P  j ^  mix » /^"mix )  » Eq 3.21
where hmjX and fmiX are given by the van der Waals mixing rule as
Eq 3.22
Eq 3.23
where xj is the mole fraction o f  component i and ly and ky are empirical interaction 
parameters determined by experiment and equal to zero when i=j.
The corresponding state model has been extended to include non spherically symmetric 
molecules by the inclusion o f shape factors 0(T,p) and cp(p,T) such that 
f:: = 0 ,T i /T i ,
1J ,J l ' J Eq 3.24
hij = <Pij Pj/Pi - Eq 3.25
These factors modify the shape o f the pressure-volume-temperature surfaces to improve 
accuracy but they also add extra complexity. As temperature and density dependence o f  f  
and h has been introduced, their derivatives occur in calculations o f  some thermodynamic 
properties. This is, however, a necessary complication to improve accuracy. The functions 
for the shape factors are derived by comparing the MBWREOS for the two components 
and ensuring that Eq 3.18 is satisfied.
The NIST Database 14 is an implementation o f the PREOS and the MBWREOS that takes 
as inputs the pressure, temperature and composition o f a pure fluid or mixture. The density 
o f the fluid is determined iteratively using the MBWREOS and this density is then used to 
determine further thermodynamic parameters such as heat capacities and the speed o f
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sound. In the case o f mixtures the values o f fmjX and hmjX must also be found iteratively and 
a separate algorithm is used to determine the density.
Unfortunately, a fundamental problem exists in the database. This manifests itself in the 
fact that for a mixture o f two components, as the mole fraction o f one component tends to 
unity the density calculated by the mixing algorithm does not tend towards the density 
calculated by the pure fluid algorithm, i.e. there is a discontinuity at the pure fluid limit. 
This discontinuity is shown in Fig 3.1 for the speed of sound o f a mixture o f nitrogen and 
methane at Titan’s surface conditions. Although the source of this discontinuity has so far 
eluded detection, it is clear that it could introduce significant errors in our calculation o f 
composition from sound speed.
Fig 3.1 Plot showing the discontinuity at the pure nitrogen limit in a 
nitrogen/methane mixture at approximately T itan’s surface conditions -  93.5 K, 
0.147 MPa
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§3.3.2 Virial Equation of State
The Virial equation o f state (VEOS) has been specifically considered for use in Titan’s 
atmosphere in the work o f Hagermann & Zarnecki (2006). The VEOS itself is described by
functions o f  temperature. The second virial coefficient describes two-molecule 
interactions, the third describes three-molecule interactions and so on. This means that,
be calculated directly through statistical mechanics (Reichl 1980). This is in contrast to the 
MBWREOS where the terms in the equation are chosen through experience and are 
entirely empirical. Unfortunately, the inter-molecular potentials are generally not known 
with sufficient accuracy to allow accurate virial coefficients to be calculated so, in practice, 
they are usually determined by experiment. Because the later virial terms become less 
important, due to the increasing power o f the 1/Vm term, the second virial coefficient is 
often sufficient to make accurate predictions. However, for dense gases, such as Titan’s 
lower atmosphere, the third virial coefficient is required (Hagermann & Zarnecki 2006). 
Unfortunately high precision values for third virial coefficients are scarce. The situation is 
particularly poor for low temperatures (especially for older data, e.g. Dymond & Smith 
(1969) provided C = -13600 ± 90% at 131.93 K).
Despite this problem, treatment o f mixtures is relatively simple as a mixing rule can be 
determined directly from statistical mechanics (see e.g. Feynman (1972)). The virial 
coefficients, BmjX and Cmix for a mixture o f n components each having mole fractions xi, 
x2,...,xn. are given by
PVm
RT V V 2m m Eq 3.26
where Vm is the molar volume, B and C are the second and third virial coefficients and are
given a sufficiently accurate inter-molecular potential, values for the virial coefficients can
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n n
B mix = Z Z B ijX i X j ’ Eq 3.27
n n n
Eq 3.28i=l j=l k=l
where the virial cross coefficients B y ,  Cyk can, for example, be given by
Eq 3.29
Eq 3.30
Hence, given appropriate functions for the virial coefficients o f  each component at the 
appropriate temperatures, the speed o f sound can be determined for gas mixtures through 
the use o f Eq 3.12 and Eq 3.8.
where U is the internal energy and S is the entropy. Because A is a state variable (in a 
similar manner to pressure, temperature and density), an equation o f  state can be explicit in 
A rather than being explicit in P such as in Eq 3.18 or Eq 3.24. From a Helmholtz energy 
equation o f state (HEEOS) all other thermodynamic properties o f  a fluid can be 
determined. Setzmann & Wagner (1991) presented this equation o f  state developed for 
methane in the form
where Ao is the ideal gas Helmholtz energy and Ar is residual Helmholtz energy that is the 
contribution o f  the intermolecular interactions, i.e. the non-ideal part. In practice the 
equation is used in a reduced, dimensionless form such that
§3.3.3 Helmholtz Energy Equation of State
The Helmholtz energy, A, is defined by
A = U -  T S , Eq 3.31
A(p,T) = A 0(p ,T )+ A r(p,T),
Eq 3.32
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where 5 = p/pc and x = T /T . The ideal part, cto, is derived directly from thermodynamics, 
but a r is determined empirically from experimental data. Setzmann & Wagner initially 
included 393 polynomial, exponential and Gaussian terms in the function for a r and a 
fitting and optimisation algorithm was used to select the most important terms and fit to the 
experimental data.
A similar equation o f state, explicit in the Helmholtz energy, has been generated for 
nitrogen (Span, et al. 2000) as well as carbon dioxide (Span & Wagner 1996), a number o f 
short chain hydrocarbons (Smukala, et al. 2000; Lemmon & Ihmels 2005; Bucker & 
Wagner 2006a, b) and some further industrially important fluids (Lemmon & Span 2006). 
A number o f these substances, as well as others, were also considered with a generalised 
form for a r for polar and non-polar fluids by Span & Wagner (2003b; 2003a; 2003c).
In order to generalise the HEEOS to mixtures, Lemmon & Jacobsen (1999) developed a 
method similar to the corresponding states model mentioned in §3.3.1. Here we find that 
for a mixture o f n components
n
a(8, x, x) = 2  x i [aoi (p, T)+ a ri (5, t)+ ln(x,)]+ Aa(5, t, x). Eq 3 34
aoi, ari and x; are the ideal Helmholtz energy, the residual Helmholtz energy and the mole 
fraction, respectively, o f the ith component. The natural log term is derived from the 
entropy contribution to Helmholtz energy and Aa is the extra contribution due to mixing. 5 
and x are now functions o f the mole fractions and the critical properties o f all components. 
Lemmon & Jacobsen (1999) presented Aa as an empirical function summed over each 
binary pair within the mixture,
Aa = V V  XjX.F.Nfox),
tfjb ' Eq 3.35
where F is a fitting parameter and N is a fitting function respectively. They have been
separated because only F varies with different components whereas the function N is the
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same for any fluid at a given 8 and x and can be arbitrarily complex. This form, therefore, 
has the advantage that it is general to all fluids and can be easily fitted to even small 
datasets for binary mixtures as only the fitting parameter F must be derived. In addition, 
binary data can be easily extrapolated to provide estimates for mixtures o f  many 
components. This is, however, not the only function for Aa that has been derived. It is also 
possible to produce functions for Aa that are specific to a mixture o f two particular 
components. A comparison o f these two methods can be found in the work o f Lemmon & 
Tillner-Roth (1999).
The HEEOS for many components has been compiled by Kunz et al. (in press) along with 
a generalisation for mixtures based on Eq 3.34 and the subsequent work described here. 
The work o f Kunz et al. has been adopted by Groupe Europeen de Recherches Gazieres 
(GERG) as the standard reference equation o f state for natural gases and a numerical 
library, named GERG-2004, has been produced. GERG-2004 allows properties o f fluids 
and mixtures o f fluids to be determined within specified temperature and pressure ranges 
and the implementation can be used in a similar manner to the NIST database 14 
considered in §3.3.1.
§3.4Comparison of Equations of State
Three non-ideal models for the speed o f sound under Titan-like conditions have been 
presented and Fig 3.2 shows the predictions for each equation o f  state under approximate 
Titan surface conditions. The non-ideal equations o f state produce predictions that are 
broadly similar, but the ideal gas prediction is very different. The agreement, however, is 
not perfect; the virial and Helmholtz equations almost converge at the pure nitrogen limit 
as seen by their intercept on the plot. At the pure nitrogen limit the MBWREOS does not 
agree with the other two equations o f state. However, as seen in Fig 3.1 the NIST 
implementation o f the MBWREOS shows a discontinuity in the pure fluid limit. The NIST 
pure fluid algorithm does agree well with the other non-ideal equations o f  state for pure
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nitrogen. Despite fairly good agreement for pure nitrogen, the predictions for mixtures vary 
considerably between the equations o f state. In addition to the discrepancy between 
predictions for pure fluids and mixtures o f fluids from NIST database 14, the virial and 
Helmholtz predictions diverge as methane mole fraction increases to 0.09 creating a 
discrepancy o f  ~1.4 m s'1.
The importance o f selecting the most accurate equation o f state from those investigated can 
be highlighted by considering the methane abundance predicted by each model for a 
particular speed o f sound measurement. For the conditions represented in Fig 3.1, i.e. 
temperature o f 93.5 K and pressure o f 0.147 MPa, a speed o f  sound measurement o f 
194 m s '1 would result in predicted methane mole fractions as follows:
• Ideal gas -  no valid solution
• M BW REOS-0 .041
• Virial equation o f state -  0.066
• Helmholtz equation o f s ta te -  0.027
It can therefore be clearly seen that a discrepancy o f  almost 0.04 exists between the 
minimum and maximum predicted values.
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Fig 3.2 Plot showing variation in predicted sound speed with methane mole fraction 
for the discussed equations of state at approximately T itan’s surface conditions of 
93.5 K  and 0.147 MPa.
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In order to decide effectively which equation o f state should be used, comparison with 
experimental data is essential. Unfortunately, to the knowledge o f the author, speed o f 
sound data under Titan-like conditions do not exist. However, data do exist for mixtures o f 
methane and nitrogen down to 170 K (Estela-Uribe, et al. 2006) and these data have been 
used to assess the accuracy o f the equations o f state. These measurements were performed 
for methane mole fractions o f 0.89999, 0.80001 and 0.4578 using a high accuracy 
resonance method. The stated uncertainties were ±0.0 2% except for the highest pressure 
measurements with the methane mole fractions o f 0.4578. Here the expected uncertainty 
was not more than 0.06 %. High accuracy pure nitrogen data has also been considered 
(Estela-Uribe & Trusler 2000). As Titan’s atmosphere is expected to contain only a few 
percent methane, the nitrogen data is closer to the expected composition than the mixture 
data. The equations o f state were compared to the experimental data and the fractional 
residuals have been plotted in Fig 3.3 through Fig 3.6. The fractional residual was 
calculated as the difference between the experimental data and the equation o f state
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prediction divided by the experimental data. Clearly the closer this value is to zero the 
better the equation o f state fits the data.
Fig 3.3 Comparison between non-ideal equations of state and experimental data for 
pure nitrogen
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Fig 3.4 Comparison between non-ideal equations of state and experimental data for 
nitrogen and methane mixtures with a methane mole fraction of 0.4578
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Fig 3.5 Comparison between non-ideal equations of state and experimental data for 
nitrogen and methane mixtures with a methane mole fraction of 0.80001
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Fig 3.6 Comparison between non-ideal equations of state and experimental data for 
nitrogen and methane mixtures with a methane mole fraction of 0.89999
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The plots in Fig 3.3 to Fig 3.6 indicate clearly that the Helmholtz equation o f state 
implemented as GERG-2004 has the residuals closest to zero and most closely fits the 
experimental data used, with the maximum residual being 0.11 %. This matches well with
75
the claimed uncertainty o f ± 0.1 % in the temperature range 250 -  450 K (Kunz, et al. in 
press).
The virial equation o f  state performs well for pure nitrogen at pressures up to around 
0.15 MPa. However, for mixtures, this equation o f state does not perform well. This is 
perhaps either due to the mixing rules used or due to the methane virial constants used. It is 
worth noting that although for pure nitrogen the virial and Helmholtz equations o f  state 
match well, this is not the case for pure methane. The accuracy o f the virial equation o f 
state also decreases with increasing pressure. This is perhaps to be expected because as 
pressure increases, four or even five molecule interactions are likely to become important 
possibly leading to further virial coefficients being required.
In considering the MBWREOS as supplied in the NIST database 14, the mixture algorithm 
has been used even in the case o f pure nitrogen. As described in §3.3.1 there is a problem 
with the implementation o f this equation o f state, such that as the concentration o f one 
component in a mixture approaches unity, the pure fluid properties are not reached. The 
pure fluid algorithm for nitrogen may perform better than shown in Fig 3.3, however, as 
only the mixture algorithm would be used when determining the composition o f  Titan’s 
atmosphere, only this algorithm is considered here. For the mixtures used in this 
investigation the MBWREOS almost always performs better than the virial equation o f  
state, although it is clear that even for the lower pressure data it does not perform as well as 
the GERG-2004 implementation o f the Helmholtz equation o f state.
Based on this analysis, the GERG-2004 implementation o f the Helmholtz equation o f state 
has been chosen for use in determining methane abundance in Titan’s atmosphere. 
However, this decision has been made knowing that there is currently no data available to 
test this equation o f state for mixtures with methane mole fraction <0.1 at the very low 
temperatures found near the surface o f Titan. There is, therefore, a possibility that under 
these conditions the accuracy may not be as high as that found by comparison with higher 
temperature data.
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Chapter 4 
Analysis of Huygens Data
During descent, all o f the SSP instruments, including API-V, worked as planned; the 
descent sequence began at a time to which corresponded to UTC o f 09:10:21 on the 14th 
January 2005 (Lebreton, et al. 2005) with API-V beginning to taking measurements at a 
time o f 600 seconds after to at an altitude o f -120 km. The entire dataset is shown in its 
raw uncalibrated form in Fig 4.1. The most obvious features in Fig 4.1 are the two stripes 
o f data above 750 ps, a second stripe at 50-80 ps and an intermediate group o f  data points 
in the range o f  around 650 to 720 ps. The stripes above 750 ps are timeout values recorded 
when the transmitted signal is not strong enough to trigger the clock to stop as described in 
§2.2. The stripe at 50 ps is caused by noise, from the transmit pulse, falsely triggering the 
clock. In order to avoid crosstalk between the transmitting and receiving sensors triggering 
the clock immediately, a 50 ps blanking period was used, i.e. the clock cannot stop in the 
first 50 ps. However, ringing on the transmitting sensor sometimes continued beyond 
50 ps and in this case crosstalk between the electronics caused false triggering. This 
ringing was more common when the atmosphere was thin and the damping was less. 
Hence, it occurred mostly in the upper atmosphere.
The intermediate band o f  data is almost entirely the useful API-V data. However, there are 
a few further data points, that can be seen on Fig 4.1, which can be excluded from the 
analysis as it is not believed that they represent true API-V measurements. For example, 
there are a number o f data points at 614.25 ps which only occur when SSP changes 
measurement mode and are likely to be caused by software or hardware limitations. There 
are also some measurements at 512 ps which are only measured in one direction and 
happen to coincide with the binary value 100000000000 in Huygens internal units. These 
data points are all deemed to be unreliable and are excluded from the analysis.
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Fig 4.1 Entire API-V dataset collected during the Huygens mission in raw 
uncalibrated format.
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The useful API-V data has been extracted and calibrated by subtraction o f  the 3.71 (is 
offset described in §2.2.4 and are shown in Fig 4.2. We can see that the first successful 
measurement was made at a time o f to + 6685 s which corresponds to an altitude o f 
approximately 11.1 km or a pressure o f around 81.9 kPa. The time o f flight decreased as 
the probe descended. This is as would be expected, as the temperature was also increasing 
during the descent in this altitude range, increasing the speed o f sound. The probe impacted 
the surface at a time o f to + 8869.7598 s (Zamecki, et al. 2005) and the sensors stopped 
functioning for a short period. Once good data collection resumed, the time o f flight 
continued decreasing, although at a much slower rate compared to that during descent. It is 
also very noticeable from Fig 4.2 that the spread o f data during descent is much higher
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than the initial data after impact. The final successful measurement was made at time to +  
10517 s, 1647 s after landing, although timeout readings continued to be recorded until the 
data link to Cassini was lost at 13,009 s after to.
Fig 4.2 Useful, calibrated API-V data collected during the Huygens descent and after 
landing.
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§4.1 Atmospheric Data
Before discussing the measurements made during descent it is important to first consider 
the temperature environment o f the sensors. Temperature has two significant effects on the 
measurements. To determine the speed o f  sound from the time o f  flight measurements, the 
separation o f  the sensor heads must be known. As the temperature varied this separation 
varied as discussed in 0. Also, any calculation deriving composition from the speed o f
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sound is very sensitive to temperature as discussed in Chapter 3. For both these purposes 
the temperature used was that measured by the HASI TEM temperature sensor. HASI 
measured the external atmospheric temperature with a claimed accuracy o f  0.25 K 
(Ruffino, et al. 1996; Fulchignoni, et al. 2005). This external temperature was considered 
the most appropriate to use for calculating the thermal contraction o f  the API-V mountings 
as they are directly exposed to the atmosphere and thermally insulated from the warm 
internal structure o f the probe. Using other temperature measurements from other sensors 
makes a negligible difference to the separation. It was also decided that the HASI 
measurements would be best for use in composition calculations as the API-V sensors are 
mounted at the opening o f  the Top Hat on the very front o f  the probe, with atmospheric gas 
flowing past. Other temperature sensors are located within the Top Hat, although all are 
positioned further within the cavity, where heating from thermal leaks and heat generated 
by other sensors affect the thermal conditions.
§4.1.1 Measurement Scatter
The descent data, as shown in Fig 4.2, has a spread o f around 13 ps. In laboratory tests o f 
the sensors a much smaller spread o f around 1-2 ps was seen both using the flight spare 
sensors and the flight models (Garry 1996). It is also much larger than the spread seen after 
impact. This would indicate that the increased spread was caused by the air flow during 
descent. In order to understand further the cause and implications o f  this spread, its 
functional form has been examined in some detail. This is important, since, if  the scatter 
has a Gaussian functional form this may have different implications for the analysis and 
interpretation o f the data compared to any other functional form. Visual inspection o f  Fig
4.2 reveals that, close to the surface, the distribution has a sharp boundary towards lower 
times o f flight, tailing off towards higher values. At higher altitudes the reverse appears to 
be true.
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Unfortunately, however, further investigation is complicated by the changing nature o f the 
property being measured. A histogram o f the measured times o f  flight would be dominated 
by the change with altitude rather than the scatter, so to understand the scatter the trend in 
the data must first be removed. This has been attempted by comparison to a reference 
atmosphere.
For each measurement, an expected value for the time o f flight was calculated using the 
temperature and pressure from HASI and the GERG-2004 equation o f  state discussed in 
§3.3.3. For the composition o f the reference atmosphere, the value o f  4.9 % methane with 
the remainder nitrogen was used. This is as measured at Titan’s surface by the Huygens 
GCMS (Niemann, et al. 2005). Using this constant value for methane abundance with 
altitude allows the temperature dependence to be removed yet any changes in methane 
abundance with altitude will remain.
For each measurement, the difference compared to a prediction based on the reference 
atmosphere was calculated and a histogram was produce using 0.25 ps bins. The results are 
shown in Fig 4.3. It is immediately clear that Fig 4.3 does not represent a normal 
distribution. The histogram does not rise to a single central peak as may be expected by a 
Gaussian distribution and there is a significant dip in the distribution at 10.5 ps. In 
addition, rather than being smooth, the distribution contains multiple small peaks. It would 
be easy to dismiss these as noise; however, they tend to occur with a regular spacing o f  
around 1 ps. This is most obvious in the 8-14 ps range. To check if this is a genuine 
periodicity a Fourier transform o f the histogram has been performed and is shown in Fig 
4.4. A clear peak with a frequency o f  1 MHz, corresponding to a period o f  1 ps, can be 
seen.
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Fig 4.3 H istogram  of the difference between measured and expected values of time of 
flight.
60 -n
50 -
0O
c 40 -  
0L .
o
O 3 0 -
0
1  2 0 -
E
i n  _
0 2 4 6 8 10 12 14 16 18
Difference between measured and 
expected time of flight (ps)
Fig 4.4 Fourier transform  of Fig 4.3. The power axis has been left w ithout a scale 
because only relative values are of significance.
0)
<zo
C L
0.5 1.0 1.5 2.00.0
Frequency (MHz)
Having determined that the scatter in the API-V data is not Gaussian, but shows a number 
o f ‘stripes’ with a separation o f around 1 ps, the cause must now be discussed. The 
separation o f the stripes is, o f course, equal to the period o f the sound wave transmitted by
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API-V and the total spread o f  the scatter is slightly longer than the nominal wave train 
duration (-13 ps compared to 10 ps). However, as some ringing o f  the sensors occurred 
this is a good match. This approximate matching o f the spread o f the data to the 
transmitted signal and the separation o f peaks in the data to the period o f  the signal 
indicates that the properties o f  the wave train are directly related to the spread. The spread 
could be explained if the clock has triggered on different peaks in the wave train for each 
measurement in a random or semi-random manner. This is different to the prediction made 
in Chapter 2, that, as the signal strengthens during the descent, the trigger point would 
move to earlier peaks on the wave train.
The interpretation that the clock can be stopped on almost any peak in the wave train 
means that the lower values for time o f flight at a particular altitude are closest to the 
correct value. However, the probability o f  stopping the clock on each o f the peaks may not 
be identical and is likely to vary with altitude. Hence it is possible that either no 
measurements triggered on the first peak or that this happened only at low altitudes where 
the atmosphere is most dense and transmission is most efficient.
The cause o f triggering on different peaks is unknown. However, as the scatter reduces 
after impact, a likely candidate hypothesis is that it was caused by atmospheric gas passing 
between the sensors. One possible mechanism is that something that could scatter sound 
waves moved past the sensors in a random or chaotic fashion changing the strength o f the 
signal. These scatterers could be particulates or raindrops, or perhaps turbulent eddies 
created as gas passed through the electromagnetic shield into the Top Hat. Unfortunately, it 
has not been possible to thoroughly test any o f  these hypotheses in the lab. Turbulence 
occurs when the Reynolds number for a flow exceeds a specified value and as Reynolds 
number increases with decreasing temperature and increasing pressure we would expect its 
value to be -15  times greater on Titan than under standard conditions on Earth. This makes 
turbulent effects difficult to study. In addition, little is known about the existence or
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characteristics o f any raindrops in the atmosphere rendering it difficult to specify how 
likely they are to affect the measurements.
§4.1.2 Analysis techniques
The hypothesis that the scatter is caused by triggering on the different peaks o f the wave 
train complicates the analysis o f the Huygens data somewhat. The usual method o f fitting a 
least squares trend line by minimising the summed, squared residuals cannot be used. Such 
a method would overestimate the time o f flight because each point is systematically too 
high by an amount varying from perhaps 0 to ~13 ps. In addition, as conditions changed 
during descent, the probability o f triggering on different peaks may have altered, meaning 
that even the relative change in time o f flight produced by a least squares fit cannot be 
expected to be useful. In a bid to overcome these challenges, other techniques have been 
employed in order to attempt to either fit an appropriate trend line to the data, or extract a 
useful dataset from the raw data that better represents the actual speed o f  sound in the 
atmosphere.
§4.1.2.1 Upper Limit
Triggering on different peaks can only increase the measured time o f flight, meaning that
each point can be considered as an upper limit. Therefore, the lower edge o f the data set
provides the strictest limits and represents the closest estimate o f the true time o f  flight.
Although simply inspecting Fig 4.2 by eye allows one to estimate where the lower edge o f
the data lies, this then becomes a matter o f judgement. To improve reproducibility, a subset
o f the data has been selected to represent the lower edge o f the data in the following
manner. The first N adjacent points were extracted and the lowest point within this sample
was kept and the rest discarded. In the case o f a tie all the tied points were kept. By rolling
this sample along the dataset, the data points which represent the strictest limits were
selected. The sample size, N, is clearly critical in balancing smoothing against resolution.
If  it is assumed that the clock can trigger on any one o f  13 peaks and that the probability o f
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triggering on each peak is equal, then to give a 99 % probability that at least one 
measurement triggered on the first peak would require 58 successful measurements. A 
99.9 % probability would require 87 measurements and a 99.99 % probability would 
require 116 measurements. Based on these figures a sample size o f 100 data points was 
selected. The results o f this process are shown in Fig 4.5.
Fig 4.5 Plot showing the API-V data against height. The data points selected as the 
lowest in a rolling sample of 100 are shown in bold.
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This method’s major weakness is the loss o f much o f the detail. The speed o f  sound over 
the entire altitude range is defined by only 58 data points which provide the limits, whilst 
the other 1686 points (over 96 % o f the dataset) have been discarded. The discarded points 
indirectly contribute to the profile; however, there is information in this data that has been
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discarded. Fig 4.3 and Fig 4.4 show that there are stripes in the data which could be 
exploited to produce an improved trend.
§4.1.2.2 Numerical Optimisation
Another way to consider each API-V measurement is as the true time o f flight, plus an 
integral number o f  periods o f the sound wave representing triggering on different peaks o f  
the wave train, plus a small uncertainty. I f  the peak, which triggered the clock for each 
measurement, were known then the appropriate integer number o f  microseconds could be 
subtracted.
Unfortunately, it is not possible to know this value for certain for any o f  the Huygens data 
points; however, if we assume that the speed o f sound varies smoothly then if  two 
sequential data points differ by, for example, 8 microseconds, it would seem likely that one 
measurement triggered 8 peaks later than the other and 8 microseconds could be justifiably 
subtracted from the time o f flight o f the larger measurement. If  these two points were then 
2 ps larger than the next adjacent point then they could be adjusted again and so on. This 
can be formalised by considering an optimisation parameter, such as the sum o f  the squares 
o f the differences between subsequent points. Different integer number o f periods could 
then be subtracted from each o f the measurements and a value for the optimisation 
parameter calculated. The process could then be repeated with the data adjusted by 
different amounts and a new value for the optimisation parameter calculated. This process 
could be repeated again until a value for the optimization parameter is reached which is 
considered to be ‘good enough’ at which point the adjusted data is accepted as an estimate 
o f the ‘true’ time o f flight.
Formally, if  we consider an array, D measured, containing the API-V data and another array 
o f the same size, N, containing a set o f integers, then if  the period o f the wave train is T, an 
optimised version o f the API-V data can be defined as
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D = D -  T Noptimised measured * Eq 4.1
The optimisation parameter, O, can then be defined as
n-l . ■2
^  /  i \ P  optimised,a ^  optimised,a+1 /  "
a=l Eq 4.2
This optimisation parameter is defined only by the relative values o f  the data, not their 
absolute values. Hence, once the optimisation is complete, only the relative values for the 
data are meaningful. To find the absolute values for the data an integral value must be 
added to N  such that at least one element o f N  is equal to zero and no elements o f  N  are 
negative. This value will simply be the lowest value element o f N  multiplied by -1.
The basic optimisation strategy which can then be followed is shown in Fig 4.6.
Fig 4.6 Graphical representation of the basic structure of an optimisation algorithm
that could be used for the API-V data.
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The detail o f  this method is determined by exactly how the new N  is defined and by the 
completion criterion used. Ideally every possible configuration o f  N  would be tested;
however, if  we consider that the data has a spread o f ~13 ps so there are perhaps 13
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different values for each element o f  N and that N has 1744 elements, then this means there 
are 131744 possibilities. Even if an algorithm could test a million possibilities per second 
then to test all possibilities would take 101919 times the age o f  the universe! Instead, a 
method must be determined that allows this vast solution space to be searched effectively. 
One o f  the simplest methods would be simply to try random implementations o f  N and, 
after a specified number o f random guesses, accept the implementation with the lowest 
value o f  O. This is known as a random search. Although easy to implement, the random 
search is not a very efficient method for optimisation. As there is no way to improve upon 
good solutions, finding the best solution could take very large amounts o f time.
Another strategy could be to start with every element o f N equal to zero and incrementally 
increase each element by 1 in a random order. If  the adjustment reduces O then it is 
accepted and if it increases O then it is rejected and the previous solution is maintained. 
This could be continued until there are no more incremental adjustments that can be made 
to reduce O. This method will be referred to in this work as an incremental search. 
Unfortunately, this method suffers from a tendency to become trapped in a local minimum 
and only a small fraction o f the solution space is searched meaning this method is unlikely 
to reach the global minimum.
A number o f algorithms have been developed to avoid this problem o f  becoming trapped in 
local minima. The one that was examined for this work is known as simulated annealing. 
Simulated annealing takes its inspiration from the science o f annealing metal. It is similar 
to the incremental search described above; however, in this method, even if  O increases 
when an element o f N is altered there is a finite probability that the new solution is 
accepted. This probability is related to a simulated temperature and the process is 
somewhat analogous to atoms moving in a metal during an annealing process. Specifically, 
the metal is heated so that atoms can move to higher energy states in the hope that as the 
metal cools the final energy state will be lower than the initial energy state. The same is 
true in the simulated annealing case. O is allowed to occasionally increase in the hope that
a lower energy state can eventually be found. The probability that an atom will move into a 
higher energy state is defined by Boltzmann statistics and is proportional to the exponent 
o f the negative o f the energy change divided by the temperature. In the optimisation 
strategy the parameter O is equivalent to energy and we can define a simulated temperature 
that starts high and decreases throughout the analysis. In fact, the incremental search 
discussed earlier, is equivalent to simulated annealing with a temperature o f zero (perhaps 
a more appropriate term would be simulated quenching).
The algorithm begins with an initial guess for N as all zeros. Each element o f N is then 
selected in a random order and the value o f the element is increased or decreased by 1, 
again the direction is chosen at random. The change in O is calculated and if O has 
decreased then the change is accepted. If  O has increased then the probability o f the change 
being accepted is given by
P = exp(-A O /T . )
snaJ Eq 4.3
where AO is the change in O and T Sjm is the simulated temperature. This means that for 
large increases in O the probability o f  accepting the change is small unless TSim is also 
high. When all elements have been selected the temperature is reduced by a factor, a, and 
the process is repeated. This continues until the solution is fully annealed - deemed to have 
occurred when the temperature is so low that no changes in O occur for 10,000 iterations. 
Initial testing on trial datasets indicated that this method could not reliably find an 
appropriate solution for the atmospheric data. This occurred because the separation o f the 
stripes in the data was not large compared to the width o f each stripe. Hence, the solution 
would tend to switch between the stripes.
§4.1.2.3 Bayesian Analysis
Bayesian analysis relies on determining the probability that a particular hypothesis is true 
by testing it against real life experiments. As an example, consider a 6 sided die which 
may, or may not, be fair. The only method for testing the fairness o f the die would be to
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roll it multiple times. However, at what point does one decide that a die is unfair rather 
than an unlikely distribution o f  values has been rolled by chance? Bayesian analysis allows 
calculation o f the probability that a hypothesis is true given a set o f data. To do this the 
situation is considered in reverse, i.e. the hypothesis is assumed to be true and the 
probability o f getting the dataset is calculated. Bayesian analysis relates the probability o f 
arriving at a dataset assuming a hypothesis is true to the probability that the hypothesis is 
true. Returning to the above example, it may be hypothesised that the probability o f  rolling 
a 1 on the die is 1/6. Given a set o f data from the die, Bayesian analysis can be used to 
estimate the probability that this hypothesis is correct. The power o f Bayesian analysis is 
that this process could be repeated with a range o f hypotheses from 0-1 to consider dice 
with varying degrees o f  bias. This allows one to find the most likely probability o f rolling a 
1 and, in addition, by examining how quickly the probability falls towards zero around this 
value, an uncertainty can be estimated.
An excellent introduction to Bayesian analysis is given in Sivia (1996), but to summarise 
here, formally, the Bayes’ theorem states that the probability that a hypothesis is true, 
given a data set and relevant background knowledge, is given by 
prob(hypothesis|data, i) prob(data|hypothesis, l)x  prob (hypothesis] i ) .
UsQ
Here I represents the relevant background knowledge, the vertical bar represents ‘given 
that’ and the comma represents the logical ‘and.’ The terms in turn from left to right are 
referred to as the posterior, the likelihood function and the prior. If  it is assumed that there 
is no background knowledge then the prior becomes equal to unity and 
prob(hypothesis|data)°c prob(data|hypothesis) ^  ^ ^
Eq 4.4 shows that if the probability o f  arriving at a dataset, given that the hypothesis is 
true, can be calculated, then this can be used to determine the probability that the 
hypothesis is true given that particular dataset. In the case o f  the API-V data the hypothesis 
is that ‘the true time o f flight is equal to a value t h y p o t h e s i s - ’ Bayesian analysis allows subset
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of the Huygens data to be used to determine the probability o f the hypothesis being true for 
different values o f  hypothesis- Hopefully, a plot o f probability vs. hypothesis would reveal a 
peak and the most probable value o f t could be accepted as true with the uncertainty being 
represented by the width o f the peak. However, this method presents a similar problem to 
that seen when plotting the histogram in §4.1.1. The larger the subset o f  data used the 
sharper the peak can become, however, the temperature and pressure change with altitude 
so the true time o f flight also changes between each measurement. This has the effect o f 
widening the peak. To help to reduce this effect the same remedial technique is employed. 
The dataset is compared to a prediction o f  the time o f flight based on a reference 
atmosphere to produce a time o f flight difference Atdata for each data point. The hypothesis 
now becomes ‘the true time-of-flight-difference compared to the reference atmosphere is 
equal to a value Athypothesis-’ Hence Eq 4.5 can be written as
Prob(Athyp<Jthe!i!|Atd<t>) ~  prob(Atd>ta|AthypothcsJ .  4 6
Now an appropriate hypothesis is defined, the likelihood function must be determined. I f  a 
subset o f the data is selected with n data then the likelihood function is given by
prob(Atd„ , |Athypothesis)=  p r o t A t ^ l A t ^ , ^  )x
xprob(AtdaK2|Athypoteis)x 7
...xprob(At |Athypotliesis)
Each term in Eq 4.7 can be calculated individually if a probability density function (pdf) is 
produced which defines the probabilities o f getting a particular value for Atdata given 
Athypothesis- In particular, this should be a function o f Atdata-AthyPothesis- §4.1.1 described the 
distribution as approximately 13 peaks separated by ~1 ps, hence, the pdf used in the sum 
o f 13 Gaussian curves, separated by 1 ps. The width o f the Gaussians has been set so that 
the full width half maximum is approximately 0.9 ps. This value was chosen so that a 
small but significant dip occurs between each Gaussian; however, the value o f  this 
parameter makes little difference to the final result. It has also been seen in laboratory tests
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that reflections can occur from the back cases o f  the API-V sensor casings and if  no peak 
in the directly transmitted signal triggers the clock, then a peak in the reflected signal may 
do so instead. To account for this the pd f is not allowed to fall below a finite value for 
Atdata-Athypothesis > 13 ps. The pdf is shown in Fig 4.7. Obviously, this rather simple pd f has 
limitations. For example, the probability o f triggering on each peak is not equal and the 
probabilities may change with altitude. I f  it were possible to quantify these effects then a 
much improved pdf could be determined. However, improperly adding these effects would 
inappropriately skew the results, so, lacking knowledge o f  these details, this pd f has been 
used.
Fig 4.7 Probability density function (pdf) used in the Bayesian analysis. The final pdf 
is the solid line made up of the sum of thirteen Gaussian curves shown as dashed 
lines. The pdf does not reach zero at the right hand side to allow for the possibility of 
reflected signals producing long times of flight.
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Because the pd f used does not have a single central peak and has steep edges, the data 
points near the edges are most important in defining the final result. The peaks across the 
top o f the pd f allow correlation with the stripes seen in the data. One disadvantage o f  this 
method, however, is that if the spread o f the data is less than the ~13 ps width o f  the p d f 
then there is an ambiguity in the solution. This can be seen by considering the solution if
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the data were only around 12 (as wide. Clearly either the first peak or last peak in the p d f 
would be redundant, however, as it is impossible to tell which, an ambiguity o f  1 (is will 
occur. This will manifest itself in the solution as two peaks at different values o f A t h y p o t h e s is -  
Because it is important to ensure that the full spread o f the data is represented in each 
subset o f the data used in the analysis, the size o f this subset was chosen to be double that 
used in §4.1.2.1, i.e. 200 data points instead o f 100. For each data point, the expected value 
for time o f flight was calculated using the GERG-2004 equation o f state using a value for 
the methane mole fraction o f  4.9 %. Again, this is simply a reference to remove the 
contribution o f temperature. This was subtracted from the data to generate values for Atdata 
and subsets o f 200 data points starting from the surface were taken to perform the Bayesian 
analysis. The GERG-2004 reference values were then added back to the results o f the 
Bayesian analysis to provide solutions in terms o f the time o f flight. The results, along with 
the measured time o f flight data, are shown in Fig 4.8. On the plot the black areas represent 
high probability and a white background represents zero probability. Essentially, the plot 
shows a black line which represents the best solution. Although it is difficult to see on this 
scale, the black line actually has a smooth transition into the white background along either 
side. Given the pd f chosen, the narrowness o f the line shows how high the degree o f  
confidence in the solution is. There are some altitudes where more than one line exists, 
giving two potential solutions. However, in these cases, one line is found to be more 
probable than the other (represented by the darker line) and is hence preferred. Multiple 
black lines would imply that the spread o f the data was less than 13 (is as discussed above, 
but the lighter shading o f one line may be caused by a lower than expected number o f data 
points at one edge o f  the spread. In some cases there are discontinuities where different 
solutions for different subsets o f the data meet. This could be caused by changes in 
composition on altitude scales greater than covered by one subset, i.e. o f the order 1 km.
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Fig 4.8 The result of Bayesian analysis on subsets of 200 data points. The black line 
shows the most probable solution at that particular altitude. The white background 
represents zero probability and grey areas are intermediate probability.
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§4.1.3 Resultant Speed of Sound
The results o f  the lower limit and Bayesian analysis techniques can now be used to 
generate the speed o f sound in Titan’s atmosphere. The speed o f sound is given simply by 
dividing the separation by the time o f flight; however, the separation is a function o f 
temperature. At room temperature the separation between the two faces o f the API-V 
sensors was 128.9 mm and was expected to shrink at cold temperatures as discussed in 0. 
The results o f  both data analysis methods are given in Fig 4.9. The two results match very 
well which increases confidence in their accuracy. The maximum deviation between the
two methods is ~0.3 m s ' .
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Fig 4.9 Speed of sound in T itan’s atmosphere as determined by API-V. The red dots 
show the sound speed as calculated by the upper limit method of §4.1.2.1 and the line 
is the result of the Bayesian analysis of §4.1.2.3. As in Fig 4.8 the black line represents 
the highest probability solution and white indicates zero probability. Grey represents 
intermediate solutions. The estimated uncertainty in the results is ±0.3 ms'1 as shown 
as a single erro r bar.
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Although the sensors took measurements with a resolution o f 0.25 ps, the added 
complication o f performing the analyses described here warrants increasing the uncertainty 
somewhat. A value o f 1 ps has been selected as it is equivalent to one period o f the wave 
train. Hence, this allows for the analysis techniques to miss the correct solution by one 
peak o f the sound wave. Combining this with the uncertainty in the separation o f the 
sensors o f 0.1 mm as discussed in 0 gives an estimate o f the uncertainty in speed o f  sound
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measurements o f ±0.3 m s'1. This matches with the deviation seen between the two 
methods.
§4.2 Surface Data
The data gathered by API-V on Titan’s surface, as shown in Fig 4.11, represents a complex 
story that perhaps, may never be fully understood. The probe impacted the surface at 
8869.7598 s after to. By 8872 s after to the Surface Science Package had changed its mode 
o f operation from proximity mode to surface mode. Before impact API-V was making 
successful measurements o f time o f flight on about two thirds o f  its attempts, the 
remaining one third being timeout values or interference from ringing. After landing, only 
10 o f the first 32 measurements were successful and then API-V returned timeout for 217 
seconds except for one measurement. At 9050 s after to SSP changed from surface mode to 
extended surface mode and at 9103 s after to successful measurements began to be taken 
again. This gap can be clearly seen in Fig 4.2.
The cause o f this poor performance just after impact is unknown. Perhaps, upon landing, 
surface material entered the Top Hat. The penetrometer indicated that the top 5mm o f  the 
landing site consisted o f very fine grained soft material that could potentially pass through 
the electromagnetic shield across the opening (Zamecki, et al. 2005). I f  fine grain material 
was deposited on the sensors, or formed an obstruction between the sensors, then this could 
inhibit the sensors functioning. I f  this material slowly fell o ff the sensors, perhaps by 
sliding down their faces, or evaporated away, then the sensors would begin working again. 
Fig 4.1 shows that no false triggering due to ringing occurred after landing which again 
could be consistent with increased damping due to material inside the Top Hat coming into 
contact with the sensors. However, if material inside the Top Hat was preventing the 
sensors from functioning, it is difficult to understand how a few measurements were able 
to be taken almost immediately after landing, prior to the sensors stopping.
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It seems unlikely that the poor function is related to the change in mode o f  operation o f  
SSP. The improvement in performance occurs over a minute after the change to extended 
surface mode and any software or hardware bug caused by a change in mode would be 
expected to correlate precisely with the mode change events.
Once functioning again, API-V worked much better on the surface than during descent,
with the spread being generally much lower. However, -700 s after landing the spread o f
the data increased and more timeouts were generated. Eventually the occurrence o f
timeouts increased until the last successful measurement was made at 10517 s after to.
Hypotheses for the increase in spread and eventual cessation o f function o f API-V can be
formed, although it is impossible to test these hypotheses effectively. They should,
therefore, be regarded as speculative possibilities rather than definite conclusions.
Timeout data was still being recorded from API-V indicating that the signal strength
became too weak to trigger the clock. I f  the ground was wet with methane, as has been
indicated (Niemann, et al. 2005; Lorenz, et al. 2006a), and if  this methane was being
evaporated into the Top Hat, then perhaps the API-V sensors, close to the ground, formed a
cold surface on which condensation could occur. This would reduce the effectiveness o f
the sensors and increase the spread or cause the sensors to cease functioning altogether.
Another, rather speculative, possibility, is that if the ground was sufficiently saturated then
the depression formed by the impact o f Huygens (Zarnecki, et al. 2005) could have slowly
filled with liquid methane. The API-V sensors could have then become submerged. I f
Huygens was horizontal and the depression filled, then it would be expected that the time
o f flight would have changed dramatically to represent the transition into liquid. However,
images from the surface indicate an upward pitch o f around 1.7° (Tomasko, et al. 2005),
hence, one o f the API-V sensors could have become submerged prior to the other. This
would place the plane o f  the liquid surface between the two sensors, reflecting the emitted
sound wave as shown in Fig 4.10. It would be expected that as the liquid level increased,
covering the lower sensor, the strength o f the signal travelling between the sensors would
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reduce until such a large fraction o f  the sensor face was covered that the signal strength 
became too low to be detected.
It also seems that the spread o f data at late times on the surface is larger than the spread in 
the atmosphere and varies in an almost periodic fashion as time passes. This may be 
explained by invoking reflections off a nearby liquid surface, increasing the distance 
travelled by the wave train and creating interference. This could change the signal strength 
at the receiving sensor as the liquid level changed.
Fig 4.10 Effect of fluid on API-V sensors if not horizontally aligned. A m oderate tilt 
could cause reflections that would produce interference above the liquid level or 
reflect the signal away altogether below the liquid level. A larger tilt would allow 
more of the lower sensor to become submerged meaning less signal could travel 
between the sensors stopping the sensors functioning.
Liquid methane
The idea of liquid filling the depression is also consistent with data gathered by the 
Acoustic Properties Instrument - Sonar (API-S) after impact. Although the surface was too 
close to be seen by the sonar, the instrument rang, i.e. continued vibrating after the transmit 
pulse was sent due to low damping, with this ringing being recorded. At a time o f 
1270±50 s after impact the ringing o f API-S became greatly reduced and a rising liquid 
could be responsible for damping this ringing (M. C. Towner, personal communication).
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These are all rather speculative possibilities which may be consistent with the surface data.
The only laboratory measurements that have been made to find out what the effects o f
liquids would be on the sensor involved full submersion (Garry 1996). Future work to
constrain these speculations may be possible by using a liquid which is stable at room
temperatures and does not conduct electricity, such as isopropyl alcohol.
Another feature worth considering is that the measurements made immediately after
impact do not match the results o f the upper limit and Bayesian analysis o f  the atmospheric
data immediately before impact. Fig 4.2 shows that the time o f flight measured on the
surface is larger than that during descent by approximately 5-6 ps. This change is difficult
to explain. Either the speed o f sound has altered or the separation o f the sensors has
increased by -1  mm. The change in sound speed would require either a drop in
temperature, or an increase in the mean molecular weight o f the atmosphere. However, no
temperature decrease was measured inside the Top Hat by any o f  the engineering
temperature sensors. To alter the separation o f the sensors would likely require
deformation o f the Top Hat. Taking a model for deforming an annulus o f  material
(Timoshenko & Woinowsky-Krieger 1959) it has been calculated that deforming the metal
reinforcing ring at the base o f the Top Hat by 1mm would require a force o f  ~12 kN . It is
difficult to imagine how such a large force could be applied to the side o f the Top Hat
structure. It is also difficult to imagine how the sensors themselves could be bent without
the direction o f their beam being altered, permanently preventing them from working.
Another method by which the separation could be increased is by removing the impedance
matching layers from one or both o f the sensors. These layers are 0.7 mm thick and their
removal would increase the time o f flight by approximately 3 ps each. It is impossible to
state, with much certainty, the force o f impact that would have been required to cause these
layers to become detached. Peak atmospheric deceleration was -120  m s'2, similar in
magnitude to the -175 m s '2 measured at impact. However, the Top Hat was, at least
partly, dynamically isolated from the Huygens accelerometer by a set o f  expansion
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bellows, so SSP could have experienced a greater deceleration. In fact, it is likely that the 
penetrometer hit a cobble on Titan’s surface (Zamecki et al. 2005) so such a scenario is 
rather plausible. This theory has one significant problem, if the impedance matching layer 
was detached from both sensors then the transmission coefficient would drop to 
approximately 1.5><10'3. This is lower than the value o f 3.15><10'3 required for operation. 
Even if only one impedance matching layer was detached the transmission coefficient 
would be reduced to 2.8x1 O'3.
Fig 4.11 D ata collected by API-V after im pact on T itan ’s surface.
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§4.2.1 Data Analysis
Due to the uncertainty in the both the conditions after landing and cause o f the increase in 
spread, it is difficult to state with high confidence exactly how the data should be best
analysed and which, if any, o f the techniques described in §4.1.2 is appropriate. As a result 
o f these difficulties, every data point collected after landing has been treated as an 
independent measurement and the associated speed o f sound calculated. Some o f the data, 
such as that between 9100 and 9400 s after to, show clear stripes. This makes it tempting to 
apply the simulated annealing method discussed in §4.1.2.2. However, as no satisfactory 
explanation has been devised to explain the increase in spread after to+9500 s, such an 
analysis o f  the whole surface dataset could be misleading. Equally, applying the upper 
limit method would unnecessarily remove detail from this region and hence it was decided 
that each data point should be treated independently as an upper limit o f the time o f flight 
and a lower limit o f the speed o f sound.
Fig 4.12 The speed of sound as measured by API-V after Huygens’ impact on Titan’s 
surface. None of the analysis techniques from §4.1.2 have been used and each data 
point should be considered as a lower limit for the speed of sound.
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To determine the speed o f sound, the separation must be known accurately and, as has 
been discussed, there may be some doubt about the separation after landing. In addition, as 
with the surface data, the separation varies slightly with temperature. As no temperature 
sensor is located at the base o f the Top Hat it is difficult to know the temperature after 
landing. A number o f  temperature sensors are, however, located inside the Top Hat which 
all show some rise in temperature after landing. It was decided that the refractive index 
sensor mounting structure temperature sensor would be most representative therefore this 
was used to determine the thermal expansion o f the Top Hat. However, the thermal 
expansion coefficient is relatively small and most temperatures measured inside the Top 
Hat are similar. Therefore, there is a negligible difference in the calculated separation if 
other temperature sensors are used.
The speed o f  sound profile presented in Fig 4.12 shows the speed o f  sound measured, 
assuming that the separation did not alter after Huygens’ impact with the surface.
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Chapter 5 
Interpretation of API-V Results
§5.1 Atmospheric Methane Concentration
For each sound speed measurement made by API-V, the composition has been calculated 
based on the conditions measured by the HASI TEM temperature sensor and PPI pressure 
sensor (Fulchignoni, et al. 2005; Harri, et al. 2006) and the GERG-2004 equation o f  state, 
which, in §3.4, was determined to be the most appropriate equation o f state for 
representing Titan’s conditions.
To determine atmospheric composition from the API-V data the assumption was made that 
the only two bulk constituents o f Titan’s atmosphere were methane and nitrogen. Before 
Huygens arrived at Titan, the available data were consistent with a third bulk constituent, 
argon, also being present (Lindal, et al. 1983; Lellouch, et al. 1989; Samuelson, et al. 
1997); however, the Huygens GCMS found argon in only trace amounts. Should any 
unknown constituents be present in Titan’s atmosphere with a molecular weight greater 
than methane, the methane abundances presented in this chapter would be an 
underestimate.
Chapter 4 presented two datasets for the speed o f sound, one based on the upper limit 
method and a second based on the Bayesian method. Both o f these datasets have been used 
to generate methane abundance estimates. For the data points from the upper limit dataset, 
the conditions at the time o f  measurement were estimated by interpolating the temperature 
and pressure data using a cubic spline fit. These temperatures and pressures were initially 
used with the GERG-2004 equation o f  state to find the speed o f sound for mixtures o f 0 
and 10 % methane; a simple bisection method was then used to find a methane 
concentration which agreed with the speed o f sound measurement. For the Bayesian 
analysis, the temperature and pressure for each pixel on Fig 5.1 were determined, again
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using a cubic spline interpolation o f the HASI data. The methane abundance, read from the
x axis below that pixel, was used to determine a value for the hypothesised speed o f sound
and hence time of flight. This time o f flight was then used to form the basis o f a Bayesian
analysis as described earlier in §4.1.2.3. As in Fig 4.8 and Fig 4.9, at any given altitude the
most likely solution is represented by black; white areas represent solutions with zero
probability. The resulting methane abundance estimates are shown in Fig 5.1.
Fig 5.1 Atmospheric composition based on API-V data using the upper limit and 
Bayesian techniques discussed in §4.1.2.3. The black shading represents maximum 
probability of a correct solution and the white areas represent zero probability of a 
correct solution. Also Shown are the Huygens Gas Chrom atograph Mass 
Spectrom eter data (Niemann, et al. 2005) and the predicted saturation levels 
generated using the GERG-2004 and NIST database 14 equations of state.
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In addition to the API-V composition estimates, the measurements from the Huygens 
GCMS (Niemann, et al. 2005) and the predicted saturation profile are plotted on Fig 5.1. 
Two saturation curves are shown, one is the prediction by the GERG-2004 equation o f 
state and the second is the prediction by the NIST equation o f  state. Both are based on 
temperature and pressure data provided by HASI (Fulchignoni, et al. 2005; Harri, et al. 
2006). As was described in §3.4, laboratory data at the very cold temperatures found on 
Titan for comparison to the equation o f  state estimates do not exist. The coldest relevant 
experimental data that could be found in the scientific literature were produced by Stryjek, 
et al. (1974). This work provided measurements o f vapour mole fractions o f  nitrogen- 
methane mixtures at temperatures o f 113.7 K and pressures from 0.208 to 1.72 MPa. Fig
5.2 shows that the closest match to these data was the GERG-2004 equation o f  state; 
however both GERG-2004 and NIST database 14 underestimated the methane mole 
fraction compared to the Stryjek data.
Fig 5.2 plot comparing predicted and measured saturation mole fractions of methane 
in a methane nitrogen mix at 113.7 K
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The API-V upper limit data in Fig 5.1 show a considerable spread in mole fraction o f  
around 0.02. Some o f this scatter is almost certainly noise such as at that occurring at
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around 1 km altitude, however, at around 3 km altitude there is a smooth decrease and then 
an increase in methane abundance covered by 10 data points, which may represent a true 
change in composition. Regardless o f  the source o f  the scatter, these data do show a 
general trend o f decreasing methane abundance with increasing height.
The Bayesian analysis gives a much clearer interpretation o f the API-V data. It shows a 
methane mole fraction from the surface to ~5 km o f approximately 0.026-0.029 with a 
slight trend to increasing concentration with increasing altitude. Above 5 km the methane 
abundance decreased with height to a mole fraction o f 0.012 by 7.2 km. The vertical 
resolution o f  the Bayesian varies with altitude because each analysis was performed using 
200 points. As API-V makes successful measurements more frequently and is descending 
slower at low altitudes, the resolution is better here. However, below 7 km the resolution is 
better than 1 km. The apparent constant composition above 7.2 km is caused by the low 
resolution o f the analysis which is in turn due to the sparse nature o f data at this altitude. 
The analysis also indicates the possibility o f  an increased mole fraction at the surface and a 
diminished mole fraction at 3 km in the form o f a lower probability alternate solution. 
Although in both cases a more probable solution exists, the possibility o f  the alternative 
solutions is non-negligible; they both have probabilities o f approximately half the preferred 
solution. The discontinuity o f the alternative solutions could be explained by changes in 
abundance over smaller scales than the ~1 km resolution o f the analysis. As more probable 
solutions to the Bayesian analysis exist and as Titan’s troposphere is expected to undergo 
convection and be well mixed, it seems likely that these variations are the result o f the 
probability density function used in the Bayesian analysis not being a perfect 
representation o f the scatter in the data.
It should be noted that the composition derived here is slightly lower than that derived in a
similar analysis o f  the API-V data by Hagermann et al. (2007). In the work o f Hagermann
et al., the derived composition from the surface up to around 5 km altitude was 0.033 and
constant compared to 0.026-0029 in this analysis. This difference occurred because a
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different probability density function was used in the Bayesian analysis and also a different 
number o f  data points were used in each altitude band. In the Hagermann et al. analysis the 
probability density function did not allow any data point to have a value o f At greater than 
13 ps, unlike that used here as shown in Fig 4.7. In addition, the Hagermann et al. work 
assumed that the atmospheric composition was constant unless two data points provided 
mutually exclusive solution. Only then was composition allowed to vary. This work splits 
the data into blocks o f  200 data points and allows each o f  these blocks to define an 
independent solution. The uncertainty in the speed o f sound presented in Chapter 2 was 
±0.3 m s '1. This translates to an uncertainty in mole fraction o f 0.011. Hence, the difference 
between this analysis and that by Hagermann (2007) is within the uncertainty.
There is also a contribution to the uncertainty in composition from the uncertainty in 
temperature. The expected uncertainty in temperature measurements is 0.25 K which 
translates to an uncertainty in mole fraction o f 0.012. Because the dependence o f the speed 
o f sound upon pressure is low, the uncertainty in the pressure measurements has a 
negligible effect. O f course, the accuracy o f the equation o f state also contributes to the 
overall uncertainty. The contribution caused by the equation o f  state is difficult to estimate 
due to the lack o f experimental data; however, the claimed accuracy for the speed o f  sound 
measurements for the GERG-2004 equation o f state is o f the order 0.1 %. This equates to 
an uncertainty in mole fraction o f  0.008. I f  we combine these three sources o f uncertainty 
then a final uncertainty is reached o f ±0.018. O f course summing uncertainties in this way 
is not valid in the case o f systematic uncertainties, such as for the equation o f  state 
uncertainty, though this figure may serve as an approximate guide to the accuracy o f  the 
measurements.
The API-V data provide consistently lower estimates o f the methane mole fraction
compared to the GCMS, although the overall trend is similar. Measuring abundances with
a mass spectrometer is a challenging procedure requiring careful calibration and an
unconsidered factor in the GCMS measurements could potentially create a systematic
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offset. There is also the possibility for systematic offsets to occur in the estimates 
presented here. Three possible reasons for API-V to have underestimated the methane 
abundance are:
• API-V may not ever have triggered on the first peak o f the wave train during 
atmospheric descent causing sound speed and hence the methane abundance to be 
underestimated. For every peak that may have been missed in this way the methane 
mole fraction would have been underestimated by -0.008. For this effect to be 
wholly responsible for the difference between the API_V and GCMS composition 
estimates, two to three peaks would have to have been missed. The conditions 
during the measurement were clearly difficult for the operation o f  the sensor and 
hence it is plausible that missing some peaks has had an effect. However it should 
be noted that in §4.1.1 it was found that the spread o f the data was a good match to 
the length o f  the wave train. This may indicate that even the first peak was 
regularly detected.
• As manufacturing tolerances can never be absolutely zero, the flight spare sensors, 
used for calibration, may have differed slightly from the flight model. Details such 
as the dimensions o f the piezoelectric crystal or thickness o f  the impedance 
matching layer may have varied. This could mean that the offset described in §2.2.4 
may not be correct. However it is likely that differences between the sensors would 
have had a relatively small impact upon the final result. Although specific 
tolerances are not available the sensors were made from nominally identical high 
quality parts, as would be expected for any space mission. To cause the speed o f  
sound to be underestimated by the value predicted by the GCMS would require the 
piezoelectric crystals and impedance matching layers o f the flight sensors to be 2.5 
times the thickness o f  those used for the flight spare. Differences o f  a few percent 
seem more likely for such parts.
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• The methane abundances derived from API-V measurements are entirely dependant 
upon the accuracy o f the equation o f state used. It has not been possible to compare 
the equation o f  state used with laboratory data under Titan-like conditions and the 
variation between models seen in Chapter 3 is testament to the difficulty in 
modelling properties o f non-ideal gas mixtures. This particular part o f the analysis 
is largely out o f the control o f  the author. Ideally, accurate measurements o f the 
speed o f sound under Titan-like conditions would be performed. Unfortunately 
such measurements are difficult to perform, especially as the temperatures in 
question are close to the condensation point o f methane and nitrogen. The results o f 
such measurements do not exist in he scientific literature and they were not able to 
be made as part o f this work. This means that, for the conditions present on Titan , 
the available non-ideal equations o f  state are essentially interpolations and 
extrapolations o f fits to other data. The result o f such extrapolations is that 
predictions o f the speed o f  sound differ by up to 1 m s '1 between equations o f  state. 
Such variations could cause variations in the estimated methane mole fraction o f  up 
to -0.04. This variation alone could cover the difference between the API-V and 
GCMS results and improvement o f equations o f  state would be key to the further 
use o f a speed o f sound sensor for investigating planetary environments.
O f the possible reasons discussed above, it is likely that the largest contributor to a 
systematic error in the methane abundance estimates is the uncertainty caused by the 
equations o f state. As equations o f state tend to rely on empirical fitting to experimental 
data, their accuracies poorly defined where no experimental data exists. There may also be 
some contribution due to missing the first peaks in the wave train. However, to produce the 
spread o f data seen by API-V, this would require that the damping within the sensors was 
very low, allowing the piezoelectric crystals to ring for 4 or 5 wave-cycles after the 
nominal 10 cycle duration o f the wave train. This is not seen in the laboratory.
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Although there are possibilities for inaccuracies in the API-V estimates o f composition, 
this does not preclude the possibility that the GCMS measurements may be systematically 
overestimating the methane abundance. The currently published GCMS measurements are 
still only preliminary and further work is ongoing. A mass spectrometer is a very useful 
detection unit for determining if a particular species exists within a sample, however, 
making abundance estimates based on mass spectrometer data is difficult. This is because a 
molecule such as methane can be broken into smaller species (e.g. hydrogen atoms or 
methyl groups) by the ionisation process employed. This means that any composition 
estimate is dependant upon the model o f molecular breakup employed. Further 
comparisons would be made if updated results are published.
§5.1.1 Atmospheric Implications
Detailed dynamical atmospheric modelling is beyond the scope o f  this work; however, 
some o f the implications for Titan’s weather are presented here. Titan’s weather can be 
thought in some ways to be analogous to the Earth’s. Titan has a troposphere, inside which 
air, heated by the ground, can become unstable to convection. Methane on Titan may then 
perform a role similar to that o f water on the Earth, creating a possibility for condensation 
and precipitation to occur. Indeed, images taken during Huygens’ descent show a number 
o f fluvial features (Tomasko, et al. 2005).
The GERG-2004 equation o f state can be used to determine the adiabatic lapse rate on 
Titan, given the atmospheric pressure profile provided by HASI. As the implementation o f  
the equation o f state does not allow calculation o f the appropriate differentials, an iterative 
process was used. An initial guess was used for the lapse rate near the surface. A small 
increase in altitude was then applied and the lapse rate was used with the GERG-2004 
equation o f  state to calculate the heat capacity and change in density at the new altitude. 
These values were in turn used to calculate the adiabatic change in temperature using the 
1st law o f thermodynamics,
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Inevitably the initial guess for temperature change and the value calculated with Eq 5.1 did 
not match. The initial guess was therefore modified and the process repeated in an iterative 
manner until a consistent value for the lapse rate was determined. The adiabatic lapse rate 
for the surface o f Titan was found to be -1.25 K km'1, slightly lower in magnitude than the 
ideal gas value o f -1.32 K km"1 determined in a similar manner. Although large sections o f  
Titan’s troposphere have lapse rates smaller than the adiabatic lapse rate (Fulchignoni, et 
al. 2005) and the atmospheric profile measured by HASI is likely to be stable to convection 
(Barth & Rafkin 2007), the HASI accelerometry measurements have been used to show 
that as Huygens descended, there may have been a slow upward atmospheric flow with a 
velocity o f  approximately 0.1 m s '1 (Teemu, et al. 2006) in the troposphere. As the 
atmosphere above the landing site was stable to convection, this upward flow was 
attributed to global circulation. In a similar manner to upward atmospheric flow on Earth, 
it may be expected that as moist (or methane laden) air rises adiabatically, it will cool and 
condensation may occur. The GERG-2004 equation o f state has been used to determine the 
methane saturation mole fraction for a pocket o f air which rises adiabatically from the 
surface based on conditions measured at the Huygens landing site. The results shown in 
Fig 5.3 reveal that for a surface methane mole fraction o f 0.026 condensation will begin to 
occur at an altitude o f 9.2 km, whereas for the methane mole fraction o f 0.049, as 
measured by GCMS, condensation will begin at 6.9 km altitude. Note that although the 
plot reaches zero methane content by 16 km, this does not imply that all methane 
condenses by this altitude. The plot assumes a dry adiabatic lapse rate as calculated earlier 
and once methane condensation begins the latent energy released invalidates this 
assumption. This plot is hence only valid below any cloud layer.
Fig 5.3 Saturation mole fraction of methane for a pocket of air rising adiabatically 
from Titan’s surface. This plot ceases to be valid above any condensation layer.
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No cloud was seen during the descent, either by the cameras or in measurements o f  
atmospheric opacity (Tomasko, et al. 2005), despite the slow upward motion measured by 
HASI. However, Barth & Rafkin (2007) recently modelled cloud formation, predicting that 
stratiform clouds could form at the Huygens landing site. Tokano (2006) also postulated a 
sub-visible, non convective, stratus type methane cloud with dissolved nitrogen above 
~8 km that was producing drizzle at the time o f Huygens’ descent. As Titan’s atmosphere 
is dense and its gravity weak, the time taken for a small raindrop to descend to the surface 
can be longer than the time taken for evaporation (Lorenz 1993), so if  it was drizzling 
when Huygens landed on Titan, the evaporation o f fine raindrops in the atmosphere could 
explain the slight increase in methane abundance seen in Fig 5.1 from the surface to 5 km 
altitude.
Detailed modelling o f cloud formation on Titan should, however, be considered with 
caution. Significant differences can occur with different equations o f state as seen in Fig 
5.1 and until experimental data exist for Titan-like conditions, it is difficult to make an 
informed decision about which equation o f state is most suitable.
§5.2 Interpretation of Surface Data
The surface data produced by API-V is difficult to interpret, as the temperature 
environment after landing, (when the Top Hat was likely sealed o ff by the ground below) 
was very different to that during descent and as there was no temperature sensor in the 
vicinity o f  API-V, the new conditions were poorly understood. For this reason there are at 
least two possible contributions to the increase in sound speed after landing.
• Once on the ground, without the forced convection that occurred during descent, 
the temperature within the Top Hat increased significantly. This is seen on all the 
engineering sensors within the cavity. However, each sensor is in a different 
thermal environment and measures a different temperature. For example, the 
Thermal Properties Instrument, which is itself a large source o f heat and located at 
the deepest point within the Top Hat, sees the largest temperature rise.
• There is tantalising evidence that heat transmitted to Titan’s surface from the probe 
led to evaporation o f methane that was present in liquid form amongst the granular 
surface material (Niemann, et al. 2005; Lorenz, et al. 2006a). I f  methane was 
evaporated from the surface, this would have caused an increase in the speed o f  
sound in the Top Hat.
Unfortunately, without constraints on the temperature change, it is impossible to tell how 
much, if any, o f the change is caused by increased methane fraction. However, the limiting 
cases can be determined by assuming that either temperature or methane abundance do not 
change after landing.
As was discussed in §5.2, there was a discontinuity in time o f flight measurements after 
landing - the time o f flight data after landing were higher than that before. One result o f  
this is that the speeds o f  sound calculated are unphysical, i.e. no mixture o f  nitrogen and 
methane can give speeds o f  sound as low as measured by API-V for sensible temperatures 
and pressures after landing. This change could potentially be caused by an extra
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component being added to the atmosphere although as there is no evidence from the
GCMS o f  any other constituents increasing enough to make this a likely possibility.
Despite this, the relative change in sound speed on the surface may provide useful
information. Hence to investigate this, it has been assumed that the time o f  flight measured
after landing was 6 ps too long. As was discussed in §5.2 this is the extra time o f flight that
would be expected if the impedance matching layers on the front face o f  the sensors
became detached, one o f the possible reasons for the discontinuity. Although the reason for
the discontinuity is not known with any great certainty, this assumption provides
Fig 5.4 Methane abundance from API-V surface data, assuming no temperature 
increase. Note that a 6 ps offset has been applied to the data as discussed in the text.
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Fig 5.5 Temperature change at API-V assuming constant methane abundance. As in 
Fig 5.4 a 6 ps offset has been applied as discussed in the text.
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a way o f investigating the change in sound speed after landing. Because o f this, Fig 5.4 and 
Fig 5.5 should only be considered in a relative sense, i.e. showing changes with time and 
the absolute values o f  methane abundance and temperature derived may not be accurate. 
The methane abundance derived in Fig 5.4 shows an increase in methane mole fraction o f 
0.08, which could be the result o f evaporation from the surface. The volume o f the Top Hat 
cavity is approximately 1.9 litres so if pure methane is being evaporated into this space, 
displacing some o f the mixture that was already there and uniformly mixing with the 
remainder, then this increase in mole fraction would require 165 cc o f  methane vapour. 
This is equivalent to 1.3 cubic centimetres o f  liquid methane; spread across the ground at 
the opening o f  the Top Hat this would form a layer o f  around 0.14 mm thickness.
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Fig 5.5 shows the temperature increase required to produce the equivalent change in the 
speed o f sound assuming that the composition remained constant. The total temperature 
change required would be 2 K. For comparison, all other temperature sensors in the Top 
Hat showed an increase in temperatur e o f at least 16 K; however, they are all much deeper 
within the cavity than API-V with the temperature increase shown by these sensors 
expected to be larger than that experienced by API-V.
Fig 5.6 The 2.35 m s'1 increase in sound speed seen after landing could be caused by 
any combination of tem perature or methane mixing ratio increase shown by the black 
line below. The saturation levels, assuming a starting methane abundance as 
determined by either API-V (0.026) or GCMS (0.049), are shown. The methane 
abundance is unlikely to exceed the saturation level.
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The total change o f 2.35 m s'1 over the time for which API-V functioned on the surface can 
be interpreted in the extreme cases as either a 2.0 K increase in temperature or a 
0.081 increase in methane mixing ratio. The potential intermediate solutions are shown in 
Fig 5.6. Interestingly, if the methane mole fraction upon landing is taken from the results 
o f this work, then if no temperature increase occurred the gas sampled by API-V may have 
just reached saturation point before API-V ceased functioning. Alternatively, if the initial
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methane mole fraction is taken from the GCMS results then a temperature increase o f at 
least ~0.4 K must have occurred.
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Chapter 6 
Conclusions
API-V has made measurements during the descent o f Huygens through Titan’s atmosphere 
from approximately 11 km altitude to the surface with an average spatial resolution o f 
6.5 m and after landing for approximately 26 minutes. Each measurement delivered the 
time o f flight o f a sound wave between the two sensor heads for the purpose o f combining 
these with the separation distance o f the sensors to determine the speed o f sound. 
Laboratory testing found that the flight spare sensors overestimated the time o f flight o f  the 
sound wave and hence a calibration technique was devised which measured this offset as 
3.71±0.04 pis. Unfortunately, as data was not collected before launch to allow calculation 
o f this offset for the flight model sensors the value from the flight spares has had to be 
applied to the flight data.
The atmospheric data had a large scatter caused by the clock (which measured the time o f 
flight o f the sound wave) being triggered to stop on different peaks in the wave train. The 
distinctive patterns in the scatter created by missing some peaks allowed two different 
techniques to be used to extract an estimate o f the true speed o f sound. The first regarded 
each data point as an upper limit o f time o f flight and took a rolling minima o f  the data to 
estimate the true times o f flight. The second technique estimated the probability that the 
time o f flight was overestimated by specific amounts and used this probability density 
function to perform a Bayesian analysis o f the data. Both methods matched well and 
showed that the speed o f  sound generally increased during the descent from 182.6 m s '1 at 
11 km to 194.0 m s'1 at the surface. However, both methods relied on the assumption that 
the receiving sensor detected the first peak in the wave train at least one time in a hundred; 
there is no guarantee that the first peak was ever detected.
Three equations o f state were considered for use in interpreting the measured speeds o f
sound in terms o f  composition. They were provided by Hagermann & Zarnecki (2006),
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NIST, and GERG and were based on a Virial equation o f state, a modified Benedict-Webb- 
Rubin equation o f  state and a Helmholtz free energy equation o f  state respectively. They 
each provided significantly different estimates; however, no experimental data for mixtures 
o f methane and nitrogen under Titan-like conditions exist and hence, in order to decide 
which equation o f  state best represents such mixtures, higher temperature data by Estela- 
Uribe (2006) was used. The GERG-2004 equation o f state gave the smallest residuals 
compared to the experimental data and hence was chosen for use in this work. The 
Huygens GCMS instrument revealed that the only major constituents in Titan’s 
atmosphere are nitrogen and methane; hence, each speed o f sound measurement was able 
to provide a unique solution for the composition in terms o f methane mole fraction. The 
API-V data indicates a methane mole fraction at the Huygens landing site o f  0.026±0.018. 
The mole fraction increases slightly up to 0.029 at ~5 km altitude then decreases to 0.012 
at 1.2 km. These values for mole fraction o f  methane are lower than those seen by GCMS 
by approximately 0.02. This may have been caused by:
• API-V never detecting the first peaks in the transmitted wave train.
• Differences between the flight model and flight spare sensors used for calibration.
• Inaccuracies in the equation o f state chosen for use.
• Unrecognised offsets in the GCMS measurements.
O f the possible systematic uncertainties in the API-V estimates, it seems that the 
inaccuracies in the equation o f state used is the most likely to make a large contribution. 
Determining the adiabatic lapse rate and methane saturation level using the GERG-2004 
equation o f  state indicates that methane in the atmosphere rising from the surface would 
begin to condense at 9.2 or 6.9 km for the API-V or GCMS methane abundance estimates 
respectively. Despite a slight upward air velocity measured by HASI (Teemu, et al. 2006), 
no clouds were reported in this range. Tokano (2006) predicted that the relative humidity 
was so high above 8 km that a cloud layer and methane drizzle should exist. Evaporation
119
o f such drizzle, during its fall to the surface, may be the cause o f  the slight increase in 
methane mole fraction from the surface to ~5 km.
The surface data provided by API-V show that the speed o f  sound rose by -2.35 m s '1 over 
the 26 minutes after impact, at which point API-V ceased working, despite Huygens 
transmitting from the surface for a further 46 minutes. There was also a discontinuity 
between the measured speed o f sound before and after impact. The cause o f  the 
discontinuity is unknown, but could potentially be caused by damage to the instrument; no 
temperature change was recorded that can explain the discontinuity and the sound speeds 
measured immediately after impact are not physically possible for mixtures o f  only 
nitrogen and methane at the relevant temperature and pressure. It is also difficult to 
interpret the long term change in terms o f  composition because, after impact, API-V is in a 
different thermal environment to the HASI TEM sensor which provided temperature data 
during descent. There is some evidence that, after landing, heat loss from Huygens caused 
evaporation o f methane from the surface. If  the temperature o f API-V is assumed constant, 
then the data could be interpreted as a rise in methane mole fraction in the Top Hat o f 0.08, 
equivalent to the evaporation o f 1.3 cubic centimetres o f liquid methane. Alternatively, on 
the assumption that the composition o f  the gas in the Top Hat remains constant, the change 
in sound speed can be explained by a rise o f 2 K in temperature. The actual situation could, 
o f course, be intermediate between these two extremes.
Interestingly, as time progressed on the surface, the scatter in API-V data changed and
eventually the sensor ceased functioning around 26 minutes after impact. As Huygens was
not level after impact (Tomasko, et al. 2005), the sensors were tilted relative to the
horizontal. Hence, if  the hollow produced by Huygens’ impact slowly filled with liquid
draining from the surrounding soil, one sensor could become submerged before the other
causing cessation o f  function. The hollow filling with liquid could also be consistent with
the reduction in ringing seen by the Acoustic Properties Instrument -  Sonar after a time o f
1270±50 s on the surface. Alternatively, as it has been shown that that the temperature at
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API-V could only have risen by a maximum o f  2 K, the sensor heads could have become 
an effective condensation trap if methane abundance rose in other warmer parts o f the Top 
Hat. This condensation could have impeded effective function.
The API-V measurements with the analysis performed on the returned data, have shown 
that acoustic sensors possess the potential to provide incredibly useful information on 
planetary atmosphere. Further work, to both refine the technique and overcome some o f 
the obstacles identified here, could allow a version o f  this sensor to excel in future 
planetary atmosphere probes.
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Chapter 7 
Future Work
The Huygens API-V instrument was the first instrument to measure the speed o f sound in 
the atmosphere o f  a non-terrestrial body. As the first instrument o f its kind developed for 
space applications, there have clearly been a number o f  lessons learnt during its 
development and in the analysis o f  the returned data. These will now allow greatly 
improved versions o f the instrument to be constructed for use in the future.
Possibly the most significant problem encountered has been the fact that the clock 
measuring time o f flight stopped on different peaks within the wave train. Part o f this 
problem is that it is not known if  the clock ever stopped on the first peak. Lessons can 
actually be learnt here from the field o f  seismology. Measuring time differences between 
similar signals is important in this field, for example when a tremor is received by multiple 
stations or if a tremor reflects from a boundary and is detected multiple times by the same 
station. To determine the time difference, a cross correlation, or autocorrelation is 
performed. The cross correlation o f  two real signals f(t) and g(t) with no imaginary 
component, offset by an estimated time test is
Or, in the case o f an autocorrelation, the same signal is compared to itself at later times, i.e. 
as in Eq 7.1 but with g(t)=f(t). It can easily be seen that when test is the true time difference, 
the positive and negative parts o f f(t) and g(t) are in phase, producing a maximum in the 
integration. Thus, by calculating the cross correlation over a range o f values o f  test, the true 
time can easily be determined. In addition, if noise in the data causes a scatter in the 
measured time due to poor correlation o f  the signals, then to a zeroth approximation this 
scatter can be expected to be symmetric about the true value, allowing relatively simple 
analysis o f the returned data.
Eq 7.1
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A similar system can potentially be used for measuring atmospheric sound speed. 
Although the transmitted API-V signal is too dissimilar to the received signal to allow 
effective cross correlation, in some particularly favourable measurements in the laboratory, 
the transmitting sensor was able to detect the reflection o f  the wave train from the 
receiving sensor. In these cases, the directly detected and the reflected signal could be 
cross correlated. This technique has been used to measure times o f  flight accurately in 
nitrogen at room temperature -  conditions where the equations o f  state are known to be 
reliable. Derivations o f the speed o f sound from these measurements gave agreement 
between theory and experiment to within 5 cm s '1; one sixth the uncertainty attributed to 
Huygens API-V measurements. An appropriate setup for future instruments could use two 
reflectors at different distances from a sensor to reflect the sound waves either to a separate 
receiver, or more probably, back to the transmitter. An autocorrelation could then be 
performed to determine the time difference. Note that to determine sound speed in this 
case, only the difference in separation o f the two reflectors is required, not the absolute 
distance between the reflectors and the transmitter. This may make it relatively simple to 
mount the reflectors in such a way that thermal contraction/expansion can be accurately 
taken into account.
Laboratory measurements o f the speed o f  sound are generally performed by generating 
resonance across a cavity o f  a known size such as described by Trusler & Zarari (1992). It 
is, however, uncertain how flow through the resonance chamber may effect the 
measurements, hence, this technique may not be feasible for probes which are continually 
exposed to the atmosphere. Instead, a discrete atmospheric sample may have to be 
collected and sealed from the outside, before the speed o f sound is measured and the 
sample released again. O f course discrete sampling would require additional moving parts 
such as valves which would introduce associated reliability issues as well as reducing 
temporal resolution.
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The second major problem that has been highlighted by the analysis o f  the data was the 
lack o f temperature data at the sensors’ location. The speed o f  sound is highly dependant 
upon temperature and hence for conclusions to be made about composition o f a gas, 
temperature should be known to a high accuracy very close to the sensor. Ideally the 
uncertainty should be ±0.1 K or better; however, this was beyond even the HASI TEM 
sensor with an accuracy o f ±0.25 K. This problem could be overcome by measuring sound 
speed simultaneously in the atmosphere and also in a sealed chamber o f  known gas. I f  the 
sealed chamber was exposed to the atmosphere, it would approximately follow the same 
temperature profile, although with a lag due to thermal inertia. Providing that this 
difference in temperature is small the systematic uncertainties in temperature measurement 
can be reduced by comparing the two measurements; however, this technique does double 
the uncertainty in sound speed.
The final large uncertainty, which has affected the accuracy o f  the composition estimates,
was introduced by the equation o f  state. Equations o f state generally use empirical or semi-
empirical functions fitted to available datasets. I f  no data are available for the compositions
or conditions o f interest, then the equation o f  state becomes an extrapolation o f available
data. This has been the case for this work and has meant that different equations o f  state
can provide very different composition estimates based on identical API-V data. Future
acoustic investigations should ensure that adequate laboratory simulations o f  the expected
conditions are performed in order to ensure accurate compositions are derived.
The uncertainty in relating the speed o f sound to composition is currently the biggest
restriction on the use o f  the speed o f  sound in investigating planetary atmospheres. The
experimental measurements required to overcome this problem can be challenging, but are
certainly not impossible to carry out. Despite this problem a speed o f sound sensor has a
significant time resolution advantage over many other techniques for deriving atmospheric
composition. API-V was forced to sacrifice its 1 s time resolution to produce useful
accuracy. However a sensor built to an improved design may not have to make this
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sacrifice and could also further improve the time resolution. The strength o f this technique 
may in reality be created in combination with other measurement techniques, such as 
GCMS, where high accuracy low time resolution measurements are combined with the 
high time resolution speed o f  sound estimates to provide greatly increased detail in 
planetary atmosphere research.
The problem o f the use o f non-ideal equations o f  state for representing Titan’s atmosphere 
has be investigated in this work, however little discussion has been produced in the 
scientific literature. Improving the understanding o f the thermodynamics o f  the 
components o f Titan’s atmosphere is key to understanding Titan’s climate. To this end the 
author intends to produce a summary and comparison o f  appropriate equations o f state, 
along with the implications for Titan’s atmosphere, for publication.
An acoustic sensor similar to API-V could have uses in a number o f fields including space- 
based and terrestrial applications. On Earth, sound speed sensors can have uses in 
measuring the quality (i.e. methane content) o f natural gas or measuring humidity in 
weather or industrial applications and patents have been filed for some o f  these 
applications (Kelner, et al. 2004). In other planetary environments, an acoustic sensor 
provides a method to investigate composition with a time resolution far surpassing any 
other instrument. In addition, improving the sensor further could allow development o f  a 
sonic anemometer for use in planetary atmospheres. Terrestrial versions o f  such 
instruments already exist which work in a manner very similar to API-V to measure the 
increase or decrease in time o f flight o f a sound wave broadcast in an upwind or downwind 
direction.
One particular application o f an acoustic sensor is in the atmospheres o f the giant planets.
The molecular hydrogen that is contained within the atmospheres o f such bodies can be
found in two forms. In the ortho form the spins o f the two atoms are aligned in the same
direction, whereas in the para form they are aligned in the opposite direction. The
equilibrium ratio for the two forms is dependant upon temperature and hence, if a pocket o f
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gas changes its conditions, the ratio o f orthohydrogen to parahydrogen will change. The 
lifetime for the conversion is o f the order days (Milenko, et al. 1997). This has two 
important implications. Because conversion from parahydrogen to orthohydrogen is 
exothermic, the change has implications for the energy budget and lapse rates o f  the 
planetary atmospheres. Also, because the conversion occurs with a large lifetime, if  non­
equilibrium ratios are found, some details can be determined about the previous state o f the 
gas. Para-hydrogen and orthohydrogen have rather different values for their heat capacity 
at constant pressure. This then ensures that the ratio o f specific heats is also different and 
hence, measurement o f sound speed can be a diagnostic for the ratio o f parahydrogen to 
orthohydrogen. Such an application has been considered by Lorenz (1999).
Acoustic attenuation is another property that may be measured by a sensor similar to that 
described above. Molecular fluids, and in particular mixtures, have vibrational energy 
states that can cause significant attenuation o f  ultrasonic sound waves at particular 
characteristic frequencies. The strength o f the attenuation is related to concentration within 
a mixture and also to temperature. Hence the development o f an ‘acoustic spectrometer’ 
may not be impossible.
126
Ch
ap
te
r 
8 
Ap
pe
nd
ix
A 
na
gs
pl
in
e 
he
ad
er
 a
nd
 
so
ur
ce
 
file
 
wh
ich
 
is 
a 
C+
+ 
en
ca
ps
ul
at
io
n 
of 
the
 
N
um
er
ic
al
 A
lgo
rit
hm
 
G
ro
up
’s 
sp
lin
e 
fu
nc
tio
ns
E
TOi .
OoL_
Q.
C
TO
CD
LO
00
in
CDr\i
CDind-o
rN
<N|
cdrsjooo
in.
INI
inminm
IN.
CDco<NJd-in
rH
in
INI
INI
d-d"
IN.
IN.
COoo
oo
INI
00
rH
IN,
CD
ond-
CD
INI
IN
IN
OO
on
co
CD
on
on
IN.
INI
oo
INI
CD
INI
IN
INI
rH
rH
on
CU E INI IN
T3I— fd rH O
CD-i- U 00 i n
■ r - 4 - X rH IN INI
q_ a) i n 00
•i— id 3 d - CD rH
u INI 00 C  rH
Q) c  id • nn cu i n
Q.-I— INI m  1— .
W X INI 00 r - i n
0) 4_> ■» O  INI
M  X - r - m CD C  INI
fd o  3 IN •d- M  -
u CD O rH E  rH
C V IIU 3 O OOO
( 1 ) 0  0 ) CO-r- IN m  u  m
s i  i— id H  C • Nf- CU
■Ml— E 0- M CD CD CU 0 U
•i— "i“ U  in in r—1 i n  c o E
C  U e m  3  ini rd
CU in E CD rd O CD 00 M  - M
r - O  (d E  *i— rH CD fd fNI in
i— •r- E  M O C  (Nl ■1—
O  00 CO in - r -  U m ■d- c u m in
S-Nt- CU 3  E rH E  INI Q . • cu
M o n j ^ CU 3 • 0  rH E L n c
c o  id CU E M IN ■r- -  CU |N
o o n  m X-r— rH M  H  M  H E
u  in O  M  CU rd IN O
Q T 3 U  E 00 C  IN O  fNI c
0 - 1 -  c inT O -r- rH X  rH M O <M
E  Id O  C i— IN ■r- IO E  fNI
CU X r— fd CL O r— (Nl - i-  ■ CU
1— n  > r— in in 1— i n  O c
c  in ■r— CU • fd In  TO i n in 3
in  o  u U  M M - X d" U  ■ CU rH M  M
r—1 C  ■ in rd o  3 rH CU CD E  - e  fd
o n + J h OTO O CCD E  00 •r— C
on_X |— C  C m fd INI O  CU
0) ■ E  M  O  15 rH c  d -  E m X X
<u |— I— O  E - r - CD CU fNI • -  CD ■ E
i-  h co c  cu M  in in M d H S O m E  CU
o  Id | - o 4 -  c  fd E 00 M -d-C D  C  INJ O  M
X o L- 1— X • f d d - lO  CLrH ■r—
in E  1 INI TO 3  3  M rH rH IN M  CU
cu o  in X fd u  in-I— in rH in rH 00 in 00 fd M
. x  t -  in c C CU X C M  - M c O O M m c  fd
rd*M J rd cd C  M  fd o COO E  • i n  E O X i —
- I  E rn C CU U  CD ■1— "d- • n  O') i n  t  ■ •r- 3
cu E X O  CD C i— O  rH OOO ■ O O 1— O
cu u  n ■ "i— M  CU < CL i n CL - 0  X O r— r—
x  r d x >N _ l o rH C O O  rH fd rd
+ J C . O M in M M r— E  • E O m  E  - u  u
M  I ■I- H c  u  fd O  CD O d  -  O  IN
E  TO in CL o  c  cu u ■r-  - ■r— CD CD -i— CD M- O
O  CU "D L_ < ■r— O ' r r r M  m M m O  M O 0  M
I—E  | CU M - i - X  C Id rH fd in  ini rd •
M- M  E > 00 U  M  O  CU C IO C  OO CD C O C  M
E ■1— 00 in c  u  E x o X  ■ O  X  CD CU U
cu in H c ■d CU 3  C  in 3 ■1— rH t O H t  - X  CU
CTO > , o r— I— CM 3  1V Z 1— • 1— I n  rH 1— IN E ' n
3  C  > , cd ■r- M-TO l— OO td -  ■ ( d m 3  X
M  O  >> c c CM in 3  E fd - U I N m  U  rH E  O
( d u x cu o cu in i— o U  CD fNI IN
I— cu Cl in C  TO (U U  L CD CU INI fNI CU O \  cu
CU C  M o C CU 3  TO C  CM CU IN c  i n  -  c  00 \  E
x  id cu TO i— 3 * i— in U CD 3  m  i n  3  - ■r-
E  in E CL fd -------- --- cu E O M  i n  0  M  i n ■ - 1—
QJi— C H in CU C  U \ N f— fd ■ rd in  co  fd rH m  x
+ J ( d O i - aL CU c X - I -  c r X MIN. C  00 CD C  H rH in
><+- cu in X  cu \ * i - x fd in - CU -rH  CU ■ II
in i -  M in M = TO A A T O W  ■ ■r- ■l-IN Q-CDd- X O in rd
TO CU CU CU Cl x  id x X  CU \  CU C in 'd" E l O l O  E  IN M -n
Id M -C  E .. C  . CU A ■ A ■ M = C td CU rH CL) '-yJ • CU '~rJ E S
CU C  M CD O  ( U I C  E A x  in i d x r  -r- > C  • M  II fNI M  II •r-
S -T - <U C CM cu • t d x • 3  cu ■ x  i— VO 1— lIN 1—| O
C  c CU cu o  o  cu ■o  O  A C  cu ■ CL r— CD'-r' DM-ifNI CD1—1 X  CU
M  CU •!— 3 X cu*r— V r  C cu • r  TO X  U  Q- CU in id E  II E l — -  E  1— 1— >
id e  in c i— M  H  TO M  E C  C  ■ O  M  CD X ■1— 1—1 ■1— fd rH t -  fd fd c
x  3  cu in cu • r - O  M  W •r— o - r -  3  O n u  fd fd 0 TO C-« TO U d T O  U U  3
M  M  E  <U in CM-r-TO W CM M u  3 CM1— in t o  c 1— i— |— 1— M i n i — M E  U
rd (d s- o = I -  V V V
IIIIIILA>> CD O  fd O  3 0  OTO 1—
E  C  C  X O' c  Cd v  fd x  u X  C U m X i— M  fd
rd CU CU CUTO CU CU CU cu cu cu c  cu cu cu cu c E  CO O E  U
I-  cn r-  r t TO TO E  TO TO TO TO TO TO O  TO TO TO e X X  CD ^ ■1—
O lE  M ■1— fd 3  Id 3  3 3 3  3  3  in 3  3  3 ■1— fd cu td cu ■ fd cu CU
O  C U -i-4- X CU i— M i— 1— i— 1— 1— 1— C l— 1— 1— CM C r — C r — CD C r - M  E
C  M  3  O Q. I U I / 1 U U U u u u cu u u u cu e x C X d "  e x in -r -
CL e e c e E  E  E  Q. E  E  E TO f d 3 - - f d 3 f N j t d 3 E r
'N .-r- 'N .T —r- •r- •r- T- t * S t  ■!— t - s \ 0 r * n \ 0  - ^ O O  X
\= »fc  N^ f^c :(fc =(fc =|fc =tfc s \ T 0  CD \ T 0  i n  \ T 0 u  in
128
10 CU
p E
r— -I- CO
3 1— p
CO Q .E
cu CO-r-
E O
a) a .  ■ -
CT> JZ s s
e • > P  E i—
■r— /~s o  fd
P U CO-1- u
P T3 CU P  P
3 C  /  \ co fd 3
Q. S  cu ■r L  (U
P - -  -E  E I— -O E
3 / - n td fd-r- -
O (U O  E ■1— 1— 1—
E  Z  CU P r — fd
e fd 3 r - ■i— fd u
■r— E  X - i - E  U  E
4 - ■r -
CU ■}« CU CO
CO e  1 - E CO JZ P
3 td fd - i-  P  E
s z  c v s z JZ *i—
E U  i— u 1 - 4 -  O
O _Q O a .
4 - -  3  - ■ |—
>  O U cu E  rd
E CU T3T3 >  O u
CTJ T3 ■ -  E E  -I— E
CU o 3 ^  - 3 3 P E /
s_ >  >  -E U  fd CU
p H  cu cu i— P
CO CUTS-a Q E  O fd
cu r— Z o  c u —[— • -T J 1- I -  3 P  E  O
■I— r \ E  (UC U X rd cu o .
4 - 1- fd i— i— e / E p  E
X T 3 X 3  CU -O E  CU
rd ( U > E E D ) ■I--I- P
i— cu td fd fd i— E
S H Q I I E i— E -r -
N 3 ^ > > H fd fd •
O CU CU CU E u  CU■» d U Q Q i f l - E >
P I f l V . p U U  u P  P  E
3 E  O' >  | -  CU.O E-p- 3
O O P  CU P r — CU / - \  O 3  U
P ■r- CU Q  CU 0 . 3 E /  CO 1—
P  W E  W E  CU E  S \  td
E u  cu fd > -I- N \  U
cd E  a) Q. cu CO rd fd
cu 3 1— O r -  co E
s_ 4 - - Q  -Q " 0
P 3 P  3-i- P P
CO \ 0  E  O O E E
4 - \ T 3  -i-  T3 > - r - ■r E
3
p
a;
E
■a
e
rd
cu
■a
rd
E
CUJQ
PO
E ■»
E 1—
fd *o
u E
CUr—
E -a
O V E
■r— V CU
P
u = V
cu cu V
CO E u
E E
O
•1— - 
> E
E u cu o
■r—
4-
-U E 
E
E •r— E cu
O -------o
■i— E i—= E-a
P o T3 CU 4— CU
fd E E U P • >
u E CU-1— cu u r—"i— CU > CO cu T3
E V CU E P E
3 P VXJ O cu CU
E E 3 0.-0
E CU O. = E CO V
O CUr— P JO cu cu >, V
U O-i— 3 -3- Q.E E
O O O m o  cu z
E U E O > 3 H
O CO P EO m p  e  cr m
4- CU O E cu v co o cu m
i—i— o i— / - \ O E 3 N U
P_Qr— U i—/~s h- 0-1- H
3 fd-r- o = "O co O
O-r- u a. E SI Or- O I - V o
CU E CO E P P  3 E* p
E fd o  cu Em o :  =
■1- > p OO WU z o>
P  E U m E= V V H E
E O E CO -i- V V m ■r—
4- rd4- O 0 .0 P  V m P
O E 4- E H U V P  P U U
WCU cur CU 3 3 H CU
■a Or— cu P  - E P  O O z E
O E "O 1— cu E 3 U U •> E
-r- Q.ET3 ~o o. O O E O
E rd E CU E O U O u
cu u r  fd 3 fd u t—1 rvj uo r~ j— CO E n l  1 p E
s  x s \ f d <u OH II II • > w o
\(U  \ > O.CU E l  || || cu s_
o u E II E E cu u E
■ CU ■ - E U-r- CU II E E CL - - ■1— CU
O Q.E O co > = CU CU CUOH > Z
O ■ - O O E o cu QV-/E/ U 1 cu
o -  U U E i— a V 04-4- CO o V
H E CO P  CU I— E V U-r—-r—e / e E V
II -  \ -r- cu CO CU E CU
T3 II 1- | - \ u o . pvu cu CUCO 3 a . p
OPCUd) co O 3 CO COO P o 3
•i— ■ i— r— r— O II 0 4-1—1—r- CU II o
E XT3T3 E E U t C U C U U E E u
CU CU E E E E E E
CL fd fd CU CU CU CU
E X  X Q .E / V /^
P  fd > > P OE/ w
EJE CU CU E \ 4 - 4-
■i- U O Q-r- \ - | - W - 1 r*-i-r- W-1
129
if 
(t
co
n=
=-
l) 
co
ut
 
« 
"c
ou
ld
 
no
t 
op
en
 
de
vi
ce
";
 
el
se
 
if
(e
rr
==
-l
) 
co
ut
 
« 
"no
 
qu
er
y 
re
sp
on
se
 
fro
m 
de
vi
ce
" 
« 
en
dl
; 
el
se
 
if
(e
rr
==
-2
) 
co
ut
 
« 
"*
TS
T?
 
qu
er
y 
de
te
ct
ed
 
er
ro
r"
 
« 
en
dl
; 
C
lo
se
(s
co
pe
);
C
lo
se
(t
co
n)
;
r— r—T3 T3D ECU CU
v VV V
. •. - =
/”\ "cu cuo 1— 1—— Cl Q.o E Erd fdo CO COfSJrH o oP pOCO i— 4= .erH -a 10 COc ■p- ■I—O cu 3 3
O V 3 3V O OS_ >%o o z10 -E _szc  = u ucu 3 c ■r— ■r-CO o a •I— -E szT3 r— 3 3CU E ~o 10s_ -1- c cu P P3 3 cu 1— rd fd10 Q. • >1/1 cu V E cu cu rHCU s_ V rd L. 5_ IIS_ 3 10 3 3 +o r  p - P P CO• Q- E c rd rd p013 rd fd cu s_ s_ >, cue<4-  U u cu cu cu fd oi•r- > - /—n 42 3 cl Cl L ->L •»Ol W CU cu P E E S- rH rd Olfd E to 3 CU cu CU fd + P  ■- • > ES O 3 I— P -D P p /—\ C i—i z ■r-•i- s_ o fd o fd E Ol CO U4- "O 4- p ai E E ■r- C r \P P fdc- E II cu c 3 3 •i-O CU rd ClO CO’I— II Ol i— •(— E E CO U A Ol CO4-  C 3  ^ c Q. U ■i— •r~ cu cd to s- E * =o CU o ■1— E fd e X s_ Q.P rt a>/~\3 'i-  *- 4-> rd Cl ■r~ rd 3 CO CU P 44 + zo p  3 u 10 10 E E P \  OlE fd +"O U P u cu fd/-v S-L—J p-i- CU VCCD. "O c o cu CU CU s_ c  fd cu r- V■r 3 fd C c P 4Z 41 41 CU-r- Pi— cu 4234-  U 3 o ■-P P P CL E E_Q 42 CO 3 i—icu sz u 10 X E 1 1 3 p O-i-CU E P cu fd s- L_ L_ CU X Ol o r— CU -Oi—is- t- fd l_ c  E cu CU CU P  fd c o i— Ol + P3 CU S- P o 3 -P P P Et ■i- $- E CUPT3 $_ CU U L. P E E D SZ P  w  u 3 3 fd •r- OlDj— U > cu L. rd-i— cu CU cu cu^nJ cu p E s-• » fd-i— D.-P- c cu S- E DIP Q.E CO E ll fdT—t U 3 fd I- c -  rH cu - cu CU cu S- C CO II cu V i—iP1 -Q UT3 O 1 D. CD LO OlI CO CO fd -r- \P 1--T ■r-s  u V E c  td c fd fd P  II r-s CU a. i_i v' e fd co II o s- V C CU-r- Ol-r- cu cu CO E 01 E ■- P V$_ U CU P cu S- P Ur- U r— •». i— i— P-r- J- fd o cu3 O WU > P  3 rd a. rd CL D Cl x r— CU E fd CO II OlPp <U 0*0 +->■!- 3 P u o :  a. - ■!— : fd fd Ol 1 P 5 "I— s_ 3cu 3 c  u L. O CU CO CO 10 E E i- X ■Jf rd os_ W3  CUQ u s- cu v V V cu fd cd V P P uC-I- -C C D. 3 CU V A V A V A U P  E cu V ECU4Z c  rd CTi— A A A fd C ^ r - •r~Q.H Q O u CUJ2 P P P r— ^42 p wO Z U'-' i- 3 3 E 3 SZ 3 SZ Q-P 3 3 S-W 3 \ 4- \ o  O-i- O "I- O 'i~ S  E4— O O O
rS U U U U U U \-r--r- T3 U 4-V
130
~o
CUi—
X
Erdin
cu
eo
10oo
■r->
CU
s_
X
f—
■a cu
e X
cu o i p
sz
V •I— to p
V 1— cu o
CL L_ E
• E o
p fd p to
■I- ■ - t o • > fd fd
X (— to 1— l_ 3
cu ■o to cu ■O cu
a . E -r - 1— E X cu
o o cu X cu E s_
p o ■ >. cu E cu o
V CL fd V p \ - p
X c V o to V A fd
Ol / u T3 1—1 s_
L. c cu :  co Ol z cu ■I— cu
o ■r- E p Q rH p OV—1 X
s_ ■ -r d ■1-  cu ■r- ro to E  P E
a i cu / - \  c X  E m cu ■I- cu cu
sz P p  CU cu o fd u o E  Ol p
a>r— c Or— to p H O ’ s_ s_
E i— cu o - r ■a c cu fd td to
■r X ■■4— o  cu sz E s_ 3  4J ■r-
r -  E cu 1 t d \ cu o X
X  rd s_ to cu s cu L_ cu 4------- p
E  co o O X X 3 4 - X ■ p- —-
rd li­ ■r- o o  ■- p p 4 -
10 P eu to u P / -N cu cu E  P ■1—
s_ XI CU -1 0 to : X to 4 - / “\ o  > N
P  td e s o E o  + ■r- cu N
e  P / ~ s a i o o  o to o + P  E
rd io - c P  lO p rH X CU-i- U  X >
P  X ■I— td u  w cu ■ to E CU V cu
10 O - T3 e  ■ 1 X  P o cu o to i—i s_
■ P  II ■ -  rd CU Ol cu fd • > s_ to ■ r— X
r— o  — rH CU 0 . 0  E to P P  : p  p to 1—1 II
u P  E  P 1 e Ei— Z5 to to ■r- CU o fd cu ■r- P —•
e td ■!- II CU CU P cu . . fd e 2 Ol X  cu ■1—
CU P X  X >  <u p  e  td I- cu 3  0  : s cu S- P  Ol
O CU CU CU E o  E SZ. E \ P  V S- fd s_ 4 -
V X U E  zs a> p  cu ■r- \ t d  • -  V V fd P E  fd ■I— 1
V c  td og X P >  fd CL -  o S- ^~\ v  ■- E cu p
• i-  X o g  V-/ td td 1- E Ol O' •-CU E  H cu V P E '
z 10 X -  s_ to cu cu Ol SZ U  \ / - \  CL O p  fd 3  *r- E  —
sz S- u H  CU X P sz-r- td - O  E  U  V o  cu cu V-/
•r- CU SO P >  X O E  - ■1-1— :  X O  CU - - P  V / - \ O E 4 -  ■- \ 4 -
> 1 0  1 0 -  cu CU E  ■- P  cu cu I— X  — rH P  h-i-' o U  X • r - O \ - r - E 1
O CU II Oli S— CU/~\ p  p X E  CU II e '  II H  P  V II
<u E ~  II X P  c cu: fd E  fd X — a p  l- p  o  h- CU-1—
S_ X P  P o r— w o td to o  p cu cu >  cu o e / cu I—7
■ O :  t  t - -  cu u ■i- E : to :  u - r - CU Ol CU OIU to s_
<4- X  X | - E P 4 -  cu to X 1— \  E  II \ 4 - \  o
V V  cu cu O ' - ' X V E  V ' - '  cu l / ) \
V p  V ' - ' cu H E O V ■r- V P ' - '
■1-  cu 1— p  p cu • Ol o  cu
P td P i — X  cu cu Q -P  P CU P  Qj—
O S 3 r zj o i a i o o o X  O P r
O \  o x o \  || \  o  o \  o  o x
HS U \  u  S v h s  - a \ h - \ p  p \  U  O  3  ^
131
sa
m
pl
e(
sc
op
e,
T
, 
hw
nd
c)
;/
/t
ak
e 
a 
sa
m
pl
e 
fro
m 
sc
op
e 
co
ut
 
« 
T 
«"
 
K" 
« 
" 
sa
m
pl
ed
" 
« 
en
dl
; 
pr
ev
=i
;//
re
m
em
be
r 
th
is
 
te
m
pe
ra
tu
re
 
ha
s 
ju
st
 
be
en
 
sa
m
pl
ed
 
br
ea
k;
 
//
ex
it
 
fo
r 
lo
op
P■r-X<u
plT o■a p
ecu COpV eV fd3/s z73 EH CU CU> i— COcu Q. oE Ea. cd 4- ■ -A ■■'10 ■ I- I—i—i 73■i— U: cu E • •>i_i ■o cu CU 1--o>p E V CO 73e cu 3  V V E■r- Oi SZ o V CUr— E z pO CS z VO P l-_ S3 VU u rt-— cu V cu ro zM---- a. V .e: O rH■i— o u m rH1— u |- to mE V co Q UO i—i w  v ,» . - H H■r- *r- CU V'■i- • ■•+Ji—i r— II ss v_/ E cu cuU P > Q-P > fd -E O CO COCU CU CU E O cu cu u E o oCO Ol E fd o E E p CU 1— r—E CL CO u o Q cu E u U10 fd II Ol■1- P II CU o oJCW ■I- p cu p pP — v_/ • “P* ew 4- 1— X q- cu cuEtp ■r *-»-i rS 73 CU s 1— r—CU ■!— E f-\ X! Xp CU/~\ o fd r~\ rde cu /—'i ■■> V E O ECU CO VW P CO ZD CM V ZD fNIV P cu cu cu = 1 r \ = 1CU'-v' (-*-1 ■r~ ■-OlU Q. V E VPJE /—\ E •!— O V E O V EOJ3 v-'td > u s_ U EO-^ CU P CU CO P o P P Ou w CO 73 v—' O P Vw/ O P • «\q - Or—i CU o cu CU o cu oi—i—i CU CO U E CO U EU CU CO o o E• P Ol— f— EP CUr— U u OOr— Po cu^q- q- cuPT3VrW-1 rS-r'-y> r"n E
132
//f
un
ct
io
n 
to 
ge
t 
a 
ha
nd
le 
to 
a 
de
vi
ce
 
on 
th
e 
GP
IB
 
bu
s 
in
t 
O
pe
nD
ev
ic
e(
De
vH
an
dl
eT
 
&
de
v,
 
ch
ar
* 
na
m
e)
fNII
E
S_
3
p
CUs_
o
sz
ftf
.e
p
rH S_
i ai 
. e  
E  P  
P  O  
3
p  a i  ai sz
TJ P  
CU >> c
• I -  rtf
cu
UT3 
cu cu
S- c  
s_
P  3  
O  P
e  cu
WW
■r~
■a
cu cu
10 i—
E - i -  
O  ftf 
Q.4-
CO
cu p  cu
S- COi—
cu "a L. + jq - 4-> c  
CU I0*i— ftf 
4 - C U \4 -JE  
4 - P 'V s i—
3  CU CU
X l4 - • -  CO U 
r— rH mr~ 
CU CU I 4 - >  
CU 10 CO -I- cu 
U 3
■I- E ! - \
> l— P  3  ■ -C  
cu ttf o  P in  S- 
- a  p m -  cu i 3
CU P  P  P  
c  c  a i r \ C  cu 
CU CU 0 . 0  P  Pa. a i \  v
c
N, ■ - 3■ -/—\ CQ 
■ “ i— ■: S_,
rtf,
cu lt> | - x : H -  
E cnj c/) U  3  rtf1—11— N DO > 
C M -* co p  cu
N-/Z3= - rtf-a
CU CQ >  -SZ 
£  P  . ( U U E  
ftf ftf >  TJ N  P  
z x :  c u ^  co 3  
C UT3 L W + J  
CU N ^ C J r  CU 
SZ. CO P  P  O  P  
O  3 C P  
|| P  Q.LU rtf CU 
>  ftf 4JN-/V*-/ <0 
cu.x 3  4 - 4 - r— 
-a  u  o -r--p -  cu
cu 
s_ 
3 
p  
ftf > P 
10 cu U Q- 
E
s_
cu p
r— . ■ iif— h  hO hP 1— -
P CO
c 1 u a i
o co cu o
u co co i—
J  II a>cu E  co E  cu
s . E rtf p
3 u 1 - E  3
P a i ■a S I CO CU P
ftf c E S I E l— ftf
s_ ■i— 3 l-r- •i— P
cu P • - SZ ■D E 4 -  CU
CL P rH - a  II CL
E CO I o J  E CU E  • ■*
CU z E  a i s z  cu:
p CU E CO 3 E, -  E P  P  -
CO s_ CU X I p  -i- z
cu 3 3  • u > 3  P E  O
s z P s_ - > , o  P ■i- P  V
p l— CU 3  I - > s z  CO V
ftf s_ O >  II cu CU
E s_ • > CO CU -E  rtf CO E h
o cu /  \ r— P 3  -I—
s_ c o OL i— -Q ftf -  o P  V
4 - cu v  ■- v_/ i— 3 E  > \  P O V
a i CU ftf O P  ftf E P  X5
cu \ ■ -M -4- P ■a O T 3 -r- e :
s_ / “N 3  3 ftf E 4 -  II Ol ftf -
3 / - N :  oa co ■ -  3 o  - T3 i—i CU E  :
P  > • - <  p  p CUi— p  > E  00 P ■r- CU
ftf CU i—i -  ftf ftf p  ftf 4 -  CU •1- 3 p  p  V
S- ~o CO o - s z s z 3  > ■a _E i—irH P P  * - 3  V
cu LT> CU CJ7 U  U P  CU ftf CU PO O '—' ftf C O r \P
Q .I - fNI p  a  n  n -^n ftf ■ P  h- E  E  (Nl CU s_ CU ftf CU
E  cu 1__1 3  a  ^ co co H P  CU ftf cu ftf O H  E  CU ftf E  P  E
CUi— 4 - p  ^ CU > - O r - e  E 1—'ftf a . ■ -  ftf CU ftf
p - a 3 ftf r  ->4- o£ a .  p ■a CU II CU E  ■ -E / ' - n CO E  Q .E
c ca P  >  O P E  3 CU E 1— E E C U l—iC U |-r t< U E C U
p  ftf p CU -  CU P  cu cu u >  ftf ■1- ftf i— O P N  i— CUi—
CU X ftf Q .> T 3  ftf Ol P i — ftf X 4 -  -E -r -fN J CO CU-i- P - p -
a i > JO E  CUW II II ftf co > s_ cuM—1—> P - P 4 — 4 -
cu u cu -a  p  1- o ' E  U CU cu ftf i— a i l— n o  ttf p ^ p
o  a N p c /C U s_ o  a P  CU-i— E  N  cu -■ a  cu 3  v
p v _ / CO P  P  CU CU 3  E p p - ' ftf > ,4 - t-  CO >  1 - P Q . V
1— P  3  E l— i— P  P cu CU II E  P^ P  ftf P
e  P P <U Q.LU_Q_Q CU 3 E r — S - > » P P P O P C U - 0 3 P
o  cu ftf a i p N - '  3  3 P  P O o . U  ftf ftf ftf U  >  O I P  O 3
•I- a i SZ \  3 4 -  O O cu ■i— E W - E - E . E \  U \  C U \  O
p u \ 0 - r - X S T 3 N P P  ftf \ \  u  u  u  \  o i \  a i \  p
u  cu U  co
C i— E
3 X 2 3 * a
4 -  3 4 - - r -
\  O \  o
r S \  > p j
133
/r
ep
la
ce
 
co
lo
ns
 
wi
th
 
un
de
rs
co
re
s 
fo
r 
us
e 
in 
fi
le
na
m
e 
'/ 
an
d 
ad
d 
te
m
pe
ra
tu
re
 
to 
en
d
e
E
3
P
CU
E
/~\
CL)
E
rd
C
O) ^ e
I--------:  /
■ -  > :  
4 -  = co 
-  I I -  U  V
CL) I N  ■ V
-------------E= cor
   -  rd -  - - C D
| | | E  CU <L) CU E
I | - -  -  CL) E  E  E  fd
II II II I -  fd fd fd e
E  E  E  CL) 
i— ii— iO r o  LO 4 -  CU <U CUr— 
rH rH rH O l— i— r — "i— 
i—ii—ii—ii—ii—i £  .p- -j— ■[— 4—
a) cu cu cu c u - i - 4 - 4 - 4 -
E  E  E  E  E  w e / e / s- /  v
fd fd fd fd fd > . P  P  P  V
e  e  e  e  e  Q .fd  fd fd
C U C U C U C U C U U U U U P  
l— l— l— l— l— E  E  E  E  3
■i— ■P“ -r_-i— ■!— P  +-* 4-* P  O
i+ _ q _4_ q _ q _  u) in in CO 4-»
co
cu>
E
3u
cu
Q.
ou10
o
u10
o
ai
E
P
3
o
o4J <U
CO E  
fd
E  Eo cu4_ ..r-
P  T “ 
CU 3 4 - i— O'-'
■i-4- E 4_ a) 
E  CL 
E fd o  cu cu ■Q.L +J 
O  P  3  \c o  O 
\ 4 - 4 -
co
cu
>
E
3
u
CU /—\ 
Q . P  
O  3  
U O  
10 4 -  
O - 
.— > 
i— CU 
•r-’O 
U''-' 
CO CO
o  cu >
I— E  
I— 3  
fd u
CUi—
e  fd 
o  cu
p  E
<o o
\ p  
\  CO
CU/-N I—E^
■I- cu 
4 -  co 
o
CUr— 
CO U  
O ■ 
i— P  
U  3
\  o  
\ 4 -
r-\
cu
E
fd
E
CU
/~n4- = D1 
CL E  
E r  JQ - 
■ U 
= T5 
CU - E 
OKU IS 
fd E  SZ 
E  ( d ^  
•i- E CU
<u ai 
E l— fd 
cd’i— E  
U  4— H  
s z  a i E  
cu E  rd 3 -r U
CU P  cu 
>  fd 3  
fd u cu
CO c  >
\  P  fd 
S ,  10 CO
CO
p
o
CL
fdu
p
■a
I-
4 -
— cji
rd
cu
E
Ei— 
r  P  
O E 
Q.-r- — O 
fd Q .
II
ll fd 
e  u  
cu p  ST3 
O r -  I— O 
P  V  
a  I -  ■r— ' 
O
a. cui—
p - r -
i 
i
E  
CU C- 3 
cu o  
S r -  
O  P  
i— E 
P - i -  
E O 
■ i -  Q. 
O
Q. CU
W (/)
E
CU
5
oI—
p
E
■i—■-O 
H Q.
CU fd
3  U, O  Pi—-a
Pi— 
E O  
•r-
O V  
CL V  
IIE r  
CU II 
. E r -
ay—
3 H
o  P  
0 . 3
o
P  U  
E \
134
hW 
« 
ol
dt
ca
l[
po
in
th
ig
he
r]
 
«
Ih-w*
i—i 
p  
CU
s z01
•r~
SZp
p
■r~O
Q.
fdup
T3i—01
cu5
o
P 
p
•r—O
Q.
1— m ms
fd CM
u 1
p
~o pp
o 3
w P
\ CU
/~ \ P
1—1 ■ —
p t- 1
cu 1 CU
-P CU 10
Ol E P 1—
■[— fd P fd
. p p 3 4 -
p cu P II
p 1— CU II
■1— ■1— P
o 4 - cu
Qj—i * f~ \ E
i—■ P E  P CU fd
i— CU fd cd to p
fd 3 U .P i— CU
u  o SZ! u fd
p  r— cu 4 - ■r*
i p 3  - II 4 -
i—i p U II ••
p  ■!- E T 3 /—\ U
cu o O P U Q /O
5  CL ,P  3 "O fd P
o 1—1 4 - . P p E  3
3 P X
p  fd CU Q s z - r - w
p  u o z W SZ CD
•r- P fd 3 CU H
O + E  SZ E  CU CO O
£ i / “\ ■1-w fd E fd cu
1 '1—1 cu p  fd >
1— p CU Ol 4 -  p cu fd
fd cu >  cd Li­ E  LO
u  3 cd E eu-Q fd cu
P  o lO H p  fd P r — • «
V_/|— E O P 4 - - I - o
P o  td LJ u_
P  P P  u SZ Q. CU CL p
P  T ” s z fd fd >  fd p
3  O p  cu P  u fd u 3
P  CL O 3 O iw t o w P
CU i—i ■1-  cu V .4 - \ 4 - CU
P r - p  > V r - \ r - p
cd u fd
u P  10
p 3
T3 4 -  P
i— S  P
O  r S \ t ~ > 1
<DQ.
OO
CO
CM
cd
3U■i—
P
pfdQ.
CU
s zp
op
u
• i—
4 -■i—
ucu
Q.to
CU
pfd
>>
cu
10 >
3 fd
-Q p
p
CD fd
H
CL. p
o to
p
fd o
u
Ol
p .j'
■I— CU
10 1—
3 s z
3 ■
10 o s z
P "O ■
o cu
•r— - CL
P r— o
U CU u
P p to
3 p
4 - ■ -  fd p
r - \S Z ■1—
Ol P  u
P 3 T3
■i— O P QJ
Ol 4 -  to P
Ol p ■i—
O CO E  O 4 -
1— o fd u OJ
o cu ■o
CU fNI p  *
Q. > p  p to
O P p to fd P
u  fd fd 4 - . P o
co n p u ■1“
o s z •. p
1— • •I— >  p u
1— > . p cu to p
■1- p -O P 3
U  -P- H o 4 -
10 to Q. 1 - U
O  P < cu Oi
cu I— - P
Ol > 00 ■O > •r—
P  -r- 00 P  cu P
•r- P tdTJ P
P  3 1— X CU
■i— fd >  H- E
4 -  P p eu cu CU
CU CU o Q i— 1—
■O CL to • o CL
O p p  p E
P cu to fd •i—
o CL P  X
4 -  H o  > QJ
■a a: fU P u  cu r—
CU CU 10 s z  cu W O ■i—
I— to 10 P =  -O A A 4 -
• i-  3  CL s z  fd SZ SZ to p
4 - P  . CU A • A m cu to QJ
■o Ol O tu X - P E  A X to >  p U s z
P  P  P 4 -  CU fd -P • 3 p  o P •
cu fd cu cu o  o cu • o o 3  U 3 cu
• o  U  -Q Q J-r-V -r- P  cu • i-T J U  W O Ql
fd p r— P  H T 3  P  E P p I— QJ 10 o
CU Ol cu • 1 - 0  P tO-r- O ’r~ i— > u
X  P  to 4 - - I - - 0  (0 4 -  P u 3 fd p CL to
■i— o = P  V V V V V OJ 3 Cl z
S Z  Ol DC P  fd P  u U
■ Ol CU CU "O cu CU (U cu cu O P • cu
CU O i— ■0 3  P X J 'O T J 'O ’O P  cu OJ ■O
Qj---■!— fd 3  fd 3 3  3 3 3 to Ol c l 3
O -P CUi— P i— l— i— i— j— O i—
U  CO CL X  u  to  U u  u u U ■o Ol U u
CO H P  P p  p p P ■1- p to p
s a s V i ----v r - ■1— r- •1—■i— o  o V ■1—
v e ?  v \= t f c  =8= =tfc =«: =tfc > 1— V =»t
135
/■v
p3O
4 -
OJ
tOr—
|— "J—
0 ) 4 -
P
P X J
fd cu
SZ P
U  P
fd
E  E
O P •
p  O X
4 - 4 -  CU
p
fd >  P
P  to fd
fd u  p
X5 to
fd OJ
cu p
SZ P
p - l - to
■1—
to OJ
p  E to
OJ-r- ■I—
4 -  P X
10 p
P  OJ
rd -P i—
p  p p—
p fd
_p u
X  P
p - l - p
fd 3  o
•r~
OJ to p
CL P U
O E P
U  3  3
t/lr— 4 -  O
QJ U  OJ Ol
4 -  
4 -O
rH
Ol
P
fd f d p p p P p 3
OJ P  "1— •|— P o
P fd >  cu P O QJ u
P X X  E  p P to X fd
to O) o to fd
4 - - o  f d x : 4 - 4 -  QJ o .
<U Q J P P  QJ OJ H  SZ o
•> Q_ P  fd s z to w p
> O - r - X  Ol o >> to
CU U  3  P  fd Cl P  Cl
X to 0 4 - t - P p O  U X
u  o  p  fd 3 P p
H cu fd o x O. 10 P fd • -
OJ SZ O I P •i-  to
r— P  QJ P  to Ol j— QJ :
XJ SZ -r- P fd P  s~ \ p :  O
P P  P  P  - r - p CU P fd c -^
fd O -1- U  P QJ X  —1 ■- p QJ CU
X 4 -  P  3  Q.-P- <X> P fd 3 / - \ to p  p
> 3  0  3 o OJ 0) ■- z  = fd fd
OJ 0) 0 . 0  CU O o Ol -C /->  II 4 - QJ p  p
o i— fd -P  U Psl s :  —  4 - p to to
x  o  p  fd V P  C^ - r \ 0 ■(—
p P  P  OJ p • •> P  P 3 QJ QJ
to fd . p  o  to fd 1—1 3  a j - H P o p  p
p x E P P f d I-) to P  X / - N -  0) u •1— "I—
o fd 3 i n cu fd p  - x fd 3  . . .  3
u QJ QJ 10 "d" Ol fN p  . . .  a; aj p  fd 0 /-N o
w U  P  QJ OJ P i__i i—i X X  QJ cu p U  QJ U
■ r P l f l X a aj 4 - > o :  f d x  x p ■ fd p  fd
to >  to 3  P  O s z 3 P H  aj fd : 0) i—i: fd :
0J • ■ QJ4— fd fd o p CO 0)>—I -SZ  QJ p m  p
> t o x  o .  to aj p 3  p  >  - . p  - p i — I -  10 -
P aj fd m to fd o a J  qj >  w  > 3 0) >  -  >
3 i— fd E  cu o j p X X  QJ P  cu U  P  QJ >  QJ
U s z  ■■ fd - s z aZ u 4 -  f d w - a x x f d x  c u x
fd P  CU fN P N •i-  QJ w  u  w v  p  w o  w
i— ■i- >  3  p to SZ P  P  P u 10 p w p
fd p  aj o p  - 4 - ■r— CU 3  P  P  3 QJ 3  P  3
QJ f d X 4 -  to H  H SZ P Q j p o c u i o a s z P  O.QJ XL
P >  Lx Q. fd to fd p  p w p u ( t J P P P
o s z \ X  3  P 4 -  3 SZ 3  P  3
p u V  U  o  LU*i— o N U O U J O
cuu
p
3010
cu01 
X
cu
cuu
p
3  ■-Orv 10 cu
fd oi-*> 
_  P  OV-\
3  fd f d - i - 4 -  
o . .  . - T 3  P  3
to P^-N= P  CO
. . . .  ( U P  P
fd /~ \ ■ - oi cu - - fd 
- P  CUr— 1 O l0 1 4 - 4 - -P  
i  fd U  0 - 1 -  0 1 3  3  U
) - a  P  iH P - I -  CO CO N
3 1— ' P  p  p  p  to 
J O P :  P  fd fd
J -  to CU -  -P  -P  -
J >  -  O l >  - u  u  >
. CU >  OICU >  N  N  CU
5X5 CU-I-XJ CU to IO X  
> WO P w a w w w  
) p w p  p  W  > , p  p  
3  p  3  P  Q . fd 3
- 0 . 0 )  P  Q . OJ u  u  cl
j p p r d P P P P P  
: 3  P . P  3  P  P  P  3  
J O U J U O L U t O t O O
136
s '
>
Xu
>
cu /
CO -s 'i— E -
i— CU /—N CU zCU E • • s 13 s 'E E ftf rsiE ftf z cu CU Xftf .E p SZ u• > • ■> SZ U CU CU ftf “u u p  P E s '= 4- ss  4- SZ CU 5_ ftf co S— /■—Nrtf c^ - 3 = 3 sz u ---------- U 3 P 3 = - +p  O CO C^. cq u ftf \/—'\ E O -- CO cu P s '  +ftf s_ s_ 1- E ftf CUrHrsim^ J- 3 10 s~\ E CU 5— /—\ rH -|—■Or- CU ftf U ftf cu j c r x x o ■■ CU ■- CU -r— S\ ■ - E QJ 5_ ■ - XCU N ■•'X+J C ">X xj u  u  u  u CO ftf U s\ 5- 3 CU/-N 13 CU /~\ u  ■-CU > X r\U E t -  /—\ U E ftf P s_4- ■i- CP4— >ftf 13 4- cu= oi— CU ” 4- N CU X 4- N o o - - - - ftf ftf 3 3 3 U ftf 3 5- CU ftf 3 t—s 'O_Qr— CU 3 10 E 3 10 4- p— z z z z PX3 O CO O" ftf P CQ CU JZ CU CQ ■1-  -o£ E CO 'S  CU CU CO W • *> 1 »k 1 1 *« ftf= CO E U= CO E 3 = -E E 4-= Oftf O 0.5-4- E E E 4- 10 i—ii—ii—ii—i o r x r r XJ - - rtf ftf - - ftf cr - - ftf s 'r—iCU L E ftf O U Q. ftf O > , 0 0  0 0 P u u u u 4-4-JC 4-4--E 4-4-JC O LU Vs- cu4-x: p e  E r  P ftf o o o o II II II II t f 3 3 U X3 3 3 (J X J3 3 U P Z rQ.N 5 u  ftf■1-4- U ftf 5 - 0 0 0 0 cu i— CQ CQ N r— CQ CQ N i— CQ CQ N H: N II 3 N II 5 - 0 0 0 0 > - - - - O 5- E CO O 5_ E CO O 5- S_ CO ftf f— ■ “10 10 10 o 10= 10 E ftf rH i—1 t—l t—1 5- > > > > ftf ftf ftf ftf ftf ftf P= O
■ r - T -  - S_■r- - U i—it—ii—ii—i 3 CU CU CU CU O -E-E - O C X  - o r x  - rtf ^  IIX X > -CU X > -E CUrHfNjm'tf- UXJXJ1313 P U U > P U U > P u  u  > 13= t -ftfftfCU>NftfCU>T- P.E.E.E.E N N CU N N CU N N CU■OCUX XJ CU X ftf U U U U Q) <l) Q) Q) E CO CO "O E CO COXJ E CO COXJ P  CTIX X'-'U X'-'XJ U o >  > >  > E E'WW L. W V - /V - / E E /W J 3 V E4J W CU P V ( U O CU CU <U CU E E E E 3 > P  P 3 > P  P 3 > P  P Q. V Op  p  3 S_r—P 3 L|— i— i— i—  i—  i— CU 3 3 3 3 P  CL ftf 3 P  CL ftf 3 P CL ftf 3 P  i—CU CU Q-CU-Q CU 0. CU-O r—-E-Q -Q-Q 10 U U U U CU U U Q. CU U U CL CU U U Q. 3 P ^ram p P  3 OIP P  3 ftf 3 3 3 3 3 P  P  P  P E E E p E E E p E E E p O 3 5_W  3 E O 3 E O ^  O O O O \  CU CU CU CU \ P  P  3 \ P  P  3 \ P  P  3 \  O O
\ \  O LXJT3UJT3 •\T3T3T3T3 SDIODIOI \  CO CO o ^  CO CO O \  CO CO o \4 - 4 -  u *-'
137
fo
ut
 
« 
xz
er
o 
« 
« 
ch
l[
i]
 
« 
« 
ch
2[
i]
 
« 
"
«
 
ch
3[
i]
 
« 
« 
ch
4[
i]
 
« 
"\
n 
xz
er
o+
=x
in
cr
;
E
o
■1—
- p ■
:  U  73 CO CU
no E r — p i—
r =  3  3 E 73
C jcp  O cu E
:  U E fd
CU cu s z
-S I  CO 1—
:  ‘r- CU cu ■
<NJ -E U 7 3
-E  ■ P o ■i- CU
u : o >  E
:  ■ o CU o
P  P o 73  P
fd - c u  O rH CO
E :  e  e CU
E rH : p SZ CO
fd SZ 4 - CO P - r -
U 7 3 - I - fd
p :  E cu ^ f d
CO rd (ni r— S I  P
E CU I fd
O X i : P 73 73
u m  co fd CU
E C p  E •r- CO
■JC fd CU E cu 4 - - i -
CU U  E  O > ■i- X
i— :  P cd u  fd
CO cu JO cu
3 •r- - E Q .X
O . X : 73 CO
73 P f N 7 3 r — o
4 -  E 3 CO z
-  CU fd O fd
r— S  E SZ ■
CU O :  73 CO cu ^ •
E E  CU Q .fd 4 -
E 4 -  - P CO O  E 4 -
fd :  U ■I- U  E O
-E fd rH CU s z co rd
U P  4 - 1— 1- P m »
fd CU CU CU E •r- /"N
P 73 E  CO • _E t - -
CO - 73 P E rH
E P  CO CU 73 E z
O CU ~ r - E 4_ CU 3
u OV-'v o O  E P —
SZ i— 1— p O E
■JC O  P  cu CU CO l— P O CU
E P  fd e E CU CO CO 73
fd E  C E  CO E fdx: i— fd fd -r- E  CO 4 - CU
u cu i o -e x : fd t - H SZ
E  fd u u  rd s z w
p E p U  CO • >>
CO fd CU73 E  fd ■I- E Q.
E -E  E  CU 0 7 3 c u .x O Uo u  fd P 4 - E h E
u CO CO CU o CO P
CU O i w  CU CU.E ■ •r- CO
- CL E  3 3  P E i —
>
CU
73
H
ai
■a
ocdx>
cua
p10e0 u
cu>
EXu
p
cu01
O leo
0 - i - r  O r -
U  > ,rH  CU fd -Eco4-x: i- > u
•I— p  "I—o p  fd a > 7 3 .x
p  x  e x i -i-  3  
c u : P i — 
cu 73  fd e
1— •!— -  cu >  t — 
73 : E
x  o l e  3
fd E  P  CO 
JZ -r-  fd E
E  E  cu fd 
CU P :
U  CO o o
. . . r -  - P P
CO >
CU CUr— 'Cf CO CU 
1— 73  C U .E .X  3  
-Q  E  U  U 7 3  
fd e :  CU
-I- >  fd 
E  CU-E 
rd 73  U  
>
CU U-Q
td
E
E
fd
E
fd
o  cu 
e  c  
4 -  E  
fd 
rd_E  
P  U  
fd
73 Ol 
E  
CO-r- 
CU E  
-X P  
fd CO 
P
CU 
c r  
O  P  
■r* 
P 7 3  
U  E  
3  fd
4 - > 
CU cu 
JE 7 3.K
E
CU
73
CO
Ol
E
*r~
P
P
CU
CO
CO fd Z >r-\ E
o CU ■- z : CU
o -E  / - n II 4— E
fNI :  —  4 - E
E  r \ 0 3
E E  E u
fd 3  CU ■ -rH  E 1—1
n P  73  /-N - CU cuco
CU fd E  -7 3 E  LO
Ol S_ • -  CU CU E  rd O  (Nl
E r—1 X 7 3  CU CU P ' — 'l--- 1
CU > 0 :  f d 7 3 X c o 4 - O  1—1-------
S 1 e  i—| cu fd : 3  rH O r —1—1■ —'
E CUI—1 -SZ  CU O  0 0 1—'rH  fNI CO 1—1
CU 3  E  >  -X I - p  E  0)1—1__II—>CO
CO c r  cu cu > e /  > Cd U  O L E  P >—1o 7 3 7 3  CU E  CU c o x :  E 7 3  P  E CL
az 4 -  f d E / 7 3 ^ 7 3 OICJ 3  U 7 3  fd 0
■r— CU V U V E  N  O  E - r -  P  P
i— JO P  E  P •1-  co co a» 3  co co
■i— CU 3  E  4-C 3 E
s z CU E  Q . CU CO Q. p  E  E  E  E  E E
Q. l/l fd P  P ' - ' P co fd fd fd fd fd rd
N . X  3  E  4— 3 \ - E  -X .X  -E  -X -X
S U O U J t O s  u  u  u  u  u u
138
//
ge
t 
cu
rr
en
t 
se
tt
in
gs
 
O
ut
pu
t(
de
v,
 
"d
at
a:
so
ur
ce
? 
E
nt
er
(d
ev
,s
ou
rc
e)
;
73
QJ
OJc
rd
SZu
4-J
o to
E OE
to 4-J a*
W fd 4-J E N
•p- _c E  -i-
■i- O s z
r-  -q O CL 4-J
OJ c CL fd •r—
E fd 4-J
E 4-J fd
fd j_i fd 73
-E  o 73 (d
u  5 a> E
E s z  > E
QJ E U  -1- rd
SZ o td to
4-J u QJ VO i—
c QJ p—o  u ■r—
r— |— 4-« U 4 -
OJ E  3
C \ O .T- 10 O
O to
to U  OJ JC
E to c  u 4 -
E ■i— fd 4 -
3 E E  aj O
■H O 4-J
OJ E  (O > , QJ
E 4 -  4 - >
4 -  ■!— E
/~ \ 73 3  4-J 3
V-/ OJ CQ E U
E E  rd OJ
4-J E  4-J 73 rH
to CU fd -r- 1
E 4 - 7 3
4-J 10 O to
(0 C  OJ 4-J C
r d .£ E
4 - E  4-1 4 - 3
*r~ 4-J 3 4-J
S OJ CQ a)
S fd "o fd E
4-J 'r - 4-)
■ > fd >  fd /■"s
fN 7 3 -p- 73 OIL—/
1 73 C  E
aj OJ ■i- OJ
OJ E SZ o  c E  4-J « -
c E 4-J 4-J O 4-J C o
•r~ 3 i— (O LU •
E 4-J QJ to fd o
4-J QJ (0 E CU 4— II
to lO E 3  QJ QJ > - r - 1—1
0) CU O 4-J > e ^n. ■1—
4-) i— /•"N 3 - C - r -  O 3 ^ s 1__1
td a; _ l i— E  S U
+J C _ l fd O - r /~ \ rd
10 ■ ■> c  /~ \ 3 >  4-J i— i— 4-JO E
s~ \ ■ » rd = Z QJ i— to V E
73 =  /~ \-C II E  0173 -r- QJ s~ \ rd
OJ-1— = u  <u II E  E  5 3  /—\
E - r - ------- O  U s~\ 3 - r -  E 0 4 — /~ \
•i— U  r~s/—\ 0  > \ t - i— 4-J E  OJ 4-J QJ 3 +
r~ \ r~ \ r~ \ 13 to r :  O  -O 13 r~ \ r - \ QJ CU 4-J-p- fd E  CQ +
= = z r - \ C T f d r g H O  O r— +-» = E E  vo to s z \  rd ■i—
cl. cl- cl. = OJ rH C  10 QJ U  QJ E \  VO 4-J \  4-J
o j  s z  +j cl. E  OLE +J QJ ■■ E  OJ U td e  s  fd fd ■ -
73  +j e  Q. 73  4J L  a >  rt E r \ L  L ■ - .E O \  E ■ -7 3 o
u  73  fd o O U 7 3 f d O - r - + J f d 4 - L . O / - \ U ■r- ■ QJ /—\ - o
E  -r- 4-> 4-J P E - r J J P O l f d X  3  0  0 4 -  - 4-J i— i 4-J = > o
aj 3  to to OJ S  (fl W "O U  CQ u  to 3 4 - U O  • -  E CL- Q) o
• • •• •• •• S .....................QJ= L CQ 3 E  O  i—i ■ -i— Q) 73 rH
rd fd ■ *- td • rd a j f d f d f d f d u  -  -  rd to td E  CQ 3 0 ( N -  O  O > l-^ V
4-J 4-J s~ \ 4-J s~ \ 4-J ■ ■> ^ r + j + j + j + j  e 4 - 4 - . c -i-  4-» fd E 4 -  O  v—J " /  CL E  E •r-
nJ oj rd -C rd 4-J f d / - \ + - » f d f d f d f d o o o U  f d .E f d \ o  t o -  -  \ 3  QJ
■ 0 - 0 -O 4-»T3 E 7 3  D . 73  73 73 73  O CQ CQ N  QJ73 U - E ■ \ r 4  E  || || \ U  4-J • -
II C II d ii a ii 0 qj:  = = = to e  e  to u  = N  U 1—1 QJ i—ii— i = £ O
c  •!- +J +J oj (d id  t . tO N . -4 _  4_| o  rH UJ II
-  o> -  3  -  to -  to E  -  -  -  -  O -C -C  - 3  - 10 r— 3 -I - l—JL—14-J -  II ■p”
>  -  >  -  >  -  >  - f d > > > > + J U U > 0 > -A—/ fd CQ E  to to X ^  r~ v -/
O J > Q J > Q J > Q J > .G  CU QJ QJ QJ N  N  QJ 10 QJ >  E >  fd-1- E  E  QJ qj fd E
73 QJ 73  QJ73 QJ "O OJ U  73  73  73 73  QJ (0 LO 73 73 QJ 4-» 4-J 4-J i— cu a > c 73 > o
w o  w o  w o  W O L _ /\_ /W W  CT)WL_/e / j*/ L_/*o to QJ fd QJ 4-J 4-J CL ■ •> E /4 - 1 4 -
E  4-J +J 4-J 4-> E  >,+-» -M U  -P W E E 7 3 7 3 - I - - I -  -r- 4-J QJ
3 L 3 L 3 L 3 L QJ 3  3  3  3  fd Q -fd 3  QJ 3 E  4-J £  £ 3  E
Q. QJ Q_ QJ Q. QJ Q. QJ .C  Q .Q .Q .Q - E  U  U  CEE CL QJ tO Ol E  E -I--P - E  OJ C L ^
+J+J +J+ J+ J  + J+ J+ J +j +J4_i j J 4 - ) U E E + J U 4 - » 4 - ) ^ E  rd fd i— i— fd E 4-JE /
3 C 3 C 3 C 3 C \ 3 3 3 3 \ J J P 3 \ 3 C 4 - O S Z S Z  QJ QJ JC O 3 4 -
O L U O L U O U J O L U \ O O O O \ i f l  W O N O U J t r -  U  U 7 3 7 3  Ur— O  T  * - r • HS
139
el
se
 
//
if
 
E
nt
er
() 
re
tu
rn
s 
>=
0 
cu
rv
e 
is 
pr
ov
id
ed
 
an
d 
pl
ac
ed
 
in 
da
ta
Bu
f
CU01rd+J
o>
o
4J
cu>
e
o  
u  
o4->
rd■Mtd
73
<U
4-» XI
E E
■1— td
O cu
Q. E
fd Q.
4-»
td CU
7 3 CO
3
.E s
U s
fd • -
<u 0
E
0 CU
4-J N
E >N
■A +
4J
Ol 1—
C  0 3
■1— E AN E
E  (U _ l X
4-J N _1 *
to >n O AN
+ z 4 -
CU 4-J II 4 -
-C 1— — O
4-» 3 AN X
E AN 1
4-i > n CO AN
•1— -R E AN
1— --A N CU 4-J
O a n 4 - +J X
co coM- ■A cu
E  O E E. .  . - O  (U >> ■A CL
4-J 4-> 1 |— v-/
/—\ 4 -  a n  M— a n AN CU 1—
r 3  r 3  a n  M- r  E 4 J 73 O
oq 0s-  od :  3 ■•1— X - 4J
0  E  4-» E  c .^ 00 a>— cu fd
1— e  rd E |— td 4— e c  cu c _I v -/
CU CU ■ - -E  CU 3  ■ - -E  4 -  - - f d t - 7 3  CL O CU
>  N a U t  E a U  O a C E  - W Z f—
CU >«M- N 1— > n 4 - N  > nM- U 4-J M— 1— v_/ X
fd r  • ■ 3 ( O Q . * ‘ 3 ( 0 4 J ” 3 N CO 3  O -X 3
4J a) CQ W -r - <u OQ v—'  a) CU CQ CO CQ 4J O O
rd 0  E  E M - 4-J E  E M - CO E  E W E  fd fd 4J 73
73 E  Q-fd O r— Q -fd OM - Q-fdM - 0  4JV~ / E
C U E - E - P 3 E - E + J M - E - C O E  fd cu 4J II
<U N M - U  fd E M - U  fd OM - U  4-> M -73i— CO 1—1
j— 3 N I I  3 N I I  3  N  fd II ■A
JD cor w o w :  co 4-J cor co || 3 4J 1__1
E ■1— -  E t -  -  1— -i— -  M— O O O X >N
fd X >  -CU X  >  -  3  X  >  - 4 - 4-J -P 73 CU rd
c u f d c u > N f d c u > E f d c u > o E  E  || E E  +
E 73 <U >n 73 CU > i  73  CU >n 4J 4 J (— 1 Q. E  +
Q. > W 7 3  > ,E J 7 3  > v -J 7 3 CO (O O w rd-A
4JV-' (U 4—» v_' qj + j\_ /< y II >—1 V-/
+ J - M 3 E , — 4 - > 3 S - r — 4 - > 3 S - i— CU 4J > , CU
(U CU Q. CU-Q CU Q.CU.Q CU Q- <D_Q CO X  fd ■ -r—
a i  cn -u  4-J 3  ai-M 4-» 3  a i - u  4-» 3 3  CU E  r-l •A
\ 3 E 0 ^ 3 E 0 ^ > 3 E 0 \  E  E  || JZ
\ O U J 7 3 \ O L U 7 3 \ O U J 7 3 \  C L fd-r- 3  ^  r S
Ol +J -E
73 E  Q . 4J
V) U  fd O  73
E C  +-»  + J  - a
O cu to to 3  ■ -
•r- ■ ‘ ^  ■ -  ■ ■ ^    ■ -
■P fd OV~\ fd 4-» a n  fd a n  a n  fd -E  a n  
•r- 4-J 73  *4— 4-J E M - 4-> Q.M- -M 4-»4- 
7 3 ( d U 3 ( d f d 3 f d O d  fdT 3 3  
E 73 E D Q 7 3 4 J0 Q 7 3 4 -» 0 Q 7 3 -p -0 Q  
o r  o l :  w  l :  i/ i L :  3  l
u  -  -  rtf -  -  fd -  -  fd -  -  fd
M -M -.E M -M --E M -M --E M -M -.X  
l— 3 3 U 3 3 U 3 3 U 3 3 U  
fdOQCQ NOQCQ NCQQ3 N  CQ CQ N
-I— S_S_( / )S_S_L0S_S_L01_£— I/)
4 - J f d td  fd fd fd fd f d f d  
■ r X X :  - . E . E  - - E  -C  - J C J E  -
E U U > U U > U U > U U >  
■ r - N N < U N N < U N N C U N N C U  
CO C0T3 10 10 " a  10 COT3 10 C0T3
a» >n4J 4-J >\4-J 4-J >n 4J 4J >.4-1 4-»
CO CLfd 3  CLfd 3  Q -fd  3  CL fd 3
< U U U C L U U Q . U U Q . U U Q .  
C l _ i _ 4 - J E L - 4 - J £ — i—4-JC_L_4-J 
S + J + J 3 + J 4 J 3 P + J 3 + J 4 J 3
\ c o c o o c o c o O c o c o O c o c o o
140
st
rc
py
C
sz
C
ha
rB
uf
,"
da
ta
:s
ou
rc
e 
st
rc
at
(s
zC
ha
rB
uf
,s
ou
rc
e)
; 
O
ut
pu
t(d
ev
, 
sz
C
ha
rB
uf
); 
st
rc
py
C
sz
C
ha
rB
uf
,"
he
ad
er
 
")
; 
st
rc
at
(s
zC
ha
rB
uf
.h
ea
de
r)
;
oi£
•r~
P
Prd
o4-
Ucu
Cl
CO
Ol£
p
CO
o
O)pfdo
NIf)
4-
o
CQ£fd
_£u
Nif)
><u
73
p
o
a .p
td>pa;
££
op
cu£
o
(0
Q
CO
O
Clfd
73£fd
cupfd
73
p
c
CU
II
O
CU
CO
P■a
fd r-\
CL
cucop73
73
73
Pfd
£ II s z  fd £
O O ■ s z O
u CU
If)
cu u  
p
4 -
cu CU fd £
S I E 73 a . •r-
p ■r* cu
P £  If) CU ■ ■»
Ol ■i- cu P i—i
£ 1_ E fd o
■I— fd £ "i— O fNI
p s z O  P N +
p u ■r“ If) ■ r—
cu P  P i__i
O) •> u  fd O) 3- £  - £ £ o£ N O  U •r~ z
o 4 - £ N
4 - ’ ll •« P  ■- CO
O O) CL I/) Ol II
£ CU £  CU £ i—i
o CO •I- CO £  O •r-
■r“ CU P  CU ■r— i— i__i
P P £  P CU
U fd cu fd cu co 5 p
£ 73 E  73 p i -  o fd
o CU fd CU £ a
4 - £ l— C- 73 P  • -  O N
fd cl fd U r -1 V)
O) s z E  - £ 73  fd O  CU
£ u ■r- U £ £  LT> E /-N
•r~ fd fd 1— 1 -r- + z
£ •< £ SZ £ P + £
■r- CU o cu cu u fd i— ■i- fd
4 - p 4 -  P E  - c  td •» i~>
CU fd fd ■ r O l  U  U • o z73 a cu Q P H  O Nf CU •>
N i— N 3 S i- V  10 3
(U co ■r- V) P  P  cu o ^ ■r- CU o
i— A* 4- # £  (/) £  £  CU P z
•r~ JC CU fd II E • •> fd N4- A ■ s- CU £ £  CU 5  II z- n-i- 0 7 3 -X  CO
- £  O) fd u =  fd £ i— O  3 0  P £ II II p v _ y£ • £  SZ £ . £ . £ O  Z  ■ -  O  ^  U fd ’i— i— i £ £cu CU-r- U o ■ u U  P  N  3 £  CU If) cu "d- O  P73 E O  CUW fd (/) O  O  E  rd > . P « —J E  CO
fd ■r- P  CU If) P  cu CO #  £  -1- II £ cu £
CU P  If) P cd p P  cu *  P  3 P r  P P  P
X V V  fd 0 .7 3  fd O X ) £  0 ) 0 )  II O cu£-7 cd CU CO
73 O r  73 O  fd £  £  3  2 Ol £ Q O )'—'
S I CU CU P U  CU P W - £  O  O  O  N ^  O  N '—.4-
m 7 3 7 3  CU ■73 CU W  U 1— 1— £  CO ^ 4 -  CO \- i- 'cu O O O ) CU O  Ol
p r — r— P r
fd U  U  73 fd U 7 3
73 £  £  -I— 73  £ - r -
■I— ■!— O \ - i -  O=tfc=tfc > > P
141
/—\ r \ /"N /~\ r \ /"Nr~\ r~\ /~\ /''N r~\ r~\
JQ ~£ *£ V "c P "ai "a.CU td CL fd 0 O Z3 cuLi­ p < Z n i~i < y)
s’ • rs • 3’ 3’ 3’ , , , , 3’ • - • » 3’ 3’ 3’ ■ -- - O » m 0 - - O - - O - - O - m O » - O - - 0O rH z orsi z O m z O Nf z O in z O CO z OfN. z OOO z ON — - N - — N - — N — m N — — N — m N - — N —"ll ’ii CO II II CO II II CO II II CO II II CO II II co II II CO II II CO IIi—ii—i w 1—1—1 £/ 1—II—1 w 1--II--1 1—1—1 £/ 1--I--1 Vw/ 1—I—1 i- 1in vo £ in co £ in co £ in co £ into £ in co £ in CO £ in CO £ ini_ii_i p i_ii_i P 1_1_1 P 1_1_1 P 1_1_1 P 1_1_1 P 1_1_1 P 1_1_1 P 1_1cu CU to cu cu CO cu cu CO cu cu CO CU cu CO cu cu co CU cu CO CU cu CO cup  p £ p  p £ p  p £ p  p £ p  p £ p  p £ p  p £ p  p £ Pcd cd p fd fd P fd fd P fd fd P fd td P fd fd P fd fd P fd fd P tdO Q CO O Q CO Q Q CO 0  0 CO 0  0 CO 0  O CO 0  a 10 O 0 co ON N V—' N N £/ N N £✓ N N £/ N N V_^ N N £> N N £✓ N N £/ NCO CO 4 - CO to 4- CO CO 4- CO CO 4 - CO CO 4 - CO CO 4 - CO to 4 - CO CO 4 - CO■r- •r- ■1“ ■i- ■1— •r~ ■r- •r -
CU CU cu cu CU CU CU CUCO CO 10 CO CO CO CO CO
r—
CO£
o
■I—
p
u££
4 -
(U£
Q.10
<
cuX
p
X o
r c r \ p • —
n /~ \ "r~ 73 £s z z 3 £ O
p > U m - CU ■r-
u o CU 1---1 CO P
o z a "I- £ P fdz z 1__1 CU fd p—- -L - 3 73 £• > 3 . . . . . . 3 . . . . . . 3 r*\ o ■r- £ CO- o -  - o -  - o -  - + z >  ------- CU Q.
cn z H O z H  H z H  fNI • .. a> + N ■i- cl a . p fd- N N -  - N -  - Q. £  "i— CO 73 ■- CU CU u u
II CO ’ ll "ii CO II II to II II CU ■i— II Q. CO CO fd £
i—i V-/ i—ii— i v—/ i—ir—i V-/ 1—II—1 to P  ■- i—i £  CU CU CU £  - cu
CO £ LO CO £ LO CO £ i n t o CU cn ■r— cu to E  E rd O
■__i P 1__II__1 P i__ii__i P i__ii__i P 73 H i__i X  P  ■!— T - x ^ +
cu CO CU cu CO CU CU CO cu cu fd £  V CU P 7 3  P  P t i ­ +
p £ p  p £ P  P £ p  p 73 fd *1— P O 11 II II ll u
fd P fd td P fd fd P fd fd II fd 1— 1—1 a>
tda 10 a  a to a  a CO a  a i—i >> ■- a CU O  PH t o i— O) c
N w N  N w N  N £ / N  N rv. td oo N U  H  H  H 3 H
CO 4 - 10 CO 4 - CO CO 4 - co to i__i 73 II 10 nj i— ii—ii—i £ C—J X
•r~ ■r~ ■1— <u
p
•i—
p  w
i— <u a> cu
Q -P  P  P
cu
p  p
CL
<n ai
CU CU cu fd CU cu td td fd o  rd U)
CO
£
CO CO CO a £ ) £ £  a  a  o 0 . 0 ■|—p— f— i— N \  o ^  N N N S  N r—r*n CUV’ i* i ( U V  HS CO \ 4 - V - '  r 1 to CO CO \  to z Q.i/i
O)
cd£
X|X| 
LU 1X1
z  z
H H 
_ l _ l 
CL Cl.
I/) to 
< <
4 -  CU 
CU £  
■ a-r-
£ 4 -  
4 -  CU 
■r-73dfedt
143
#i
nc
lu
de
<n
ag
.h
>
#i 
nc
lu
de
<n
ag
e0
1.
h>
#i 
nc
lu
de
<n
ag
e0
2.
h>
#i 
nc
lu
de
<n
ag
_s
td
li 
b.
h>
r—\ 
_ l 
_I 3
in
P0 
e
01 
sz
■I—
pL_
rd 
p
10*
a;i—
XI
3O
73
r - \
CO
CO
p CU
O r—
c X!
p s 3
s_ O
o 73
■i—
i_ —
cu 2
p *
c SZ
•1— cu ■
c r — cu
X E
p 3 ■i—
c O I—
■1— 73 Cl
CO
3
X fd
* * E
cu CU E
1--- 1— •r—
X X
3 3 CO
O o E
73 73 O
■i—
P
X u
■fc ■3* c• — • •. 3
/ - \  CU /■> CU M-
>\l— P  l—
*  x P  X CU
3 3  3 x
CU o Z  O p
i— 73 II 73
X CU Ol
3  - 73 E
O  X ■ -  O  CO ■r—
- a  * r ~ \U  P P
S_ t .  ■- E c
X  cu O  5- /—v r CU
■it 1—5- CU > 0 E
X S_-J: -J: Q_ cu
CU 3 CU E • -  r —
i— O  P  P  cu r*-t Q
X 7 3 E  E r -  31 E
3 ■ i - - | - X  E CU -r-0 - 5 - 3 0  so
U  I/) a  - O r — 10 cu
p  x  73  73
* C r  -  C O
C -r - O <U - P  5- U
O  O r -  X  t -  M- 3
m o  0 -0 rtf C P  CU
C C ^ 3 ( U P  7 3  CU U
O  5- O l —  10 CU p - a  5 - L.
1— 0 ) 0 7 3 X 1  E  " - P  5- CU'-P 3
v - / c  s - v~ / 3  $- c u r t - -  fd P  o
CU O 5- <u O fd >  U 7 3  P  fd ^ -\ CO
P i -  (U P T 3  2  L O C U o  W
rtfv_/+J 3 r  P ^  " - S O L D  <u
I— 10 C  3  CUr- U |— rd E  L. i_ i— 10 x :
o  p - i —i— P  o  cd u  cu ■ - s- fdi— c/> P
• - Q . O  s- td id o  c u f d O E c u c u S f d P■ -/-> L c  a >  3 1 2  E73i— CU CO EC U  a.
r-N'"-' cu .X  P  cu I— v -/ -I- E l— CU co 5- E  5- Ol Q.
w c u p p c u  f d p  i— fd fd i -  o E f d  u
I CU ( U C C t C O ( U > t  Q j— U 4 -  CU 5- O 2  CU
C  C "r—" i- c p  l— CUM- to  I— s- U  l— CU
•f— •[— i— -0 X 1  |r— i— 7 3 X  UJ 11— XI C
i— i— C L P  P - r -  3  P  P  D ) 0  0 t 3 C 1 D 1 0  3  -i-
Q . Q . CO C C O O C C  • ■ f d O O O O f d f d O O  r—
CO •• CO I -p-"I- > 7 3 "I-*r- CU Z X J X 3  > 7 3  Z  Z X 2  73 Q-
U  P  M- CO
to -I— fd "i— o i
co r— >  ■o tdrd X2 t- c c
I— 3  5- cu \
u v a  o. *  % \
JE
CU
E
■|— r~ s
i— V-/
Q. CU
CO 5- E
0 ) O - i -
fd P i —
c U  Q.
z 3  CO
cu 1-
73 P  ■■
3 10 cu
i— E  E
U O -r-
E U i—
•l— \  Q-
=tfc
144
CO
p
E■I-O
Q.
cu ■ .
lO cu
1— 10
rd r -
M- CU rd
II to ■-M-
7 3 1— / - \  II
cu rd L. 73
P P 5- CU
fd II CU P
U  73 W  fd v p ■ -
O  CU —I u CU / - \
i— P H  O E VP
i— fd < r - ■r- E
fd u ■ -LL i— S-i— CU
fd o o  rd O  Q- E
73 r— II 1 - E P  10 OJ
E r - ( D H L U  ? OJ
fd fd co z  rd 3 L_
i— U  (0 H  2 L. 4 -
P  CU
CO E
CU-i—
73 r—
\  Q .
CL) 7 3
OJ r—\
Ol O)
fd fd
CL) P
LL LU
<  LL Ol I/) 1/1
CU LU
td fd-/-■N
CU73 
10 CU
U  73
LU LLl
U 7 3  CU fd fd LU LU
O  CU P 4 - Ql O'
LL LLCU CU
fd U 7 3
CU 73
fd fd fd o  fd
cu O ) ^
q -M - td fdM- u
u  10
cu
73
ou
cu
■ -  E0  5-II => 
OJ P  
10 cu
1 CO s_
145
CO
po
E
P i
E
O
■i—
E
cu
p
E
E •r~
CD *
X
P CD
i—
> . X
3
4 - O
O 73
CO ..
CD CO
3 p
i— o
<d E
> P
e
73 O
CD ■r*
mt— E
4 - P  CD
■r- E  P
U •r- E
CD O -i-
Q .Q .E
CO
X  P
P U  E
fd fd-i—
cu
CO -
P  5- 2o o-:;
E 4 -
p CD
73 r -
4 - CD X
O ■i- 3
4 -  O
e ■r- 73
CD U
X CD -
E a .  > ,
3 CO*
E
-CD
73 2 i —
CD X
■f— -  3
4 - CO O
■ f P 7 3
U X
CD Ol -
X ■i— X
CO CD*
2
fd CD
X i —
CD P X
E ■r 3
■I— 2  OI— 73
Cl  fd
c o p  -
fd co
CD 73 P
X E
P  > vr--o
CD X  CL
> E
■r- E
Ol CD U)
>  c
r—•1-  or— o>—
■i- VP
2  O co
P  P
P O
fd CD E
X E P
p •r- P
p  "J—
E 0 .4 -
+10
POep
p  fd
OJPO
CD 3
a> z  cd
fd fd
cu cd rd
p  cu <D
u u
co
p
oe
-XE
o
•r~
ECD
PE
+
td
73
CD
4 -O
CD3
"fd>
ECD>■i-D)
fd
>
E • » P
3 td
U E
E CD
CD E
+ o3 ■|-
+
■r~ >. O  CD
CD f~ \ 10 73
■ - > E O
CO E o CD U
p 3 E X  E
O U E P  E
E o2 CD CD
P P 4 -
E •. E O  E
o CD ■r ■r-
•I— CO E  LU CD
E CO O  3 3 7 3
CD o3 O' r— CD
P i— H fd u
E •. O II >  fd
•r— 2<^v O P r—
E Oi X  E >v O.
V - O  CD VP ■ I ■-
■r- > \C £  3 E  E  LU CD CO
Di E O  Q.I/1 X -r-
• - -LU p E  ■ _J P
O X  O  II E  E  < P
II Z , 73 • - CD E  LL E  *r—
■r- -  | CD CD P  CD II E
CO LU P 73 E  r v P 3  CO
P P  Z  fd O ■r- E E P  E
E E  II U U E  O -r- CD 3
■r- •r- CD O • O  E E E  Uv p 0 7 3  i— E P  E  O. U
E 0 . 0  i— E CD CD • O O
o E  U  fd CD CO P E P
4 - v p  . U E E E
U  E E ■■ -r- CD E  O
td E E CD E O E
CD X  CD 3 E  O  CD •r— E
CO fNI vp P ■r- vp tO P  CDp— 0 4 - CD i— 4-1— U
r*~i fl) vp r*n Q) T  vp r*"i E O  -r- CD E E
CO 3 fd
4 -
73 4 -■i— fd *r-• — o wfV| >  v p  r*-\ s \
146
C
CU>
•r~
OJ
CU
. £
4-J
4-J
fd
cu
e
Q.
lO
CU
SZ
4-J
4 -
o
cu£
'id>
CU
x :H
rd
4-J
fdTJ
X /“\ I/)T3 
CU CU 
4->r- 
-£ X 2  
O J £  
■r- O  
CUT35
o 2
4-J*
10 CU 
■Mr— 
■r -Q
4-  £  
O 
+ J-D  
fdSZ - 
4-J >
*
CU
£  CU
■I- 1—
i— Si 
CL £
to o  
■acd
cu x
U *
£
. . . •r— . . . ■O CU
4-J /■a Or—
£ fd £ £  XJ
£ £ £ O. £
CU r— CU O
r~\ °3 rd o3 O T 3
cu > 4-J
- a cu cu CU -
o > > C/1 to
u £ £ £ 4-J
£ £ rd £ £  £
£ u  CU U O -i- ■ M
CU 03-73 4 -  > 03 4-J O E
* -  0 O  * U  CL £
£  U £ fd £ rd
4-J CU ■ cu cu CU 4 - 3
£ 3  *- ■a 1— 3 OJ 1
■I- to £ 0  XJ to OJ £ OJ
£  CU U  £ £ £  O rd
- rd II 0 rd ■1— 1— 2
X 03  CU £  TJ 00 x : II ■ *
-■ a 0 4-J - ■0 ■0
CU X 0 £ x~ O 4-J 1— 1—I— w  u £  ■ X w O £ 0 0
XJ CU £ CU > cu E  fd u u ,
£ 4-J £ *  cu 4-J to 4-J - -  £ 1
O fd cu CU r— fd to -O O OJ
T3 £  4c x :  e x j £ fd E 1— E fd
w j— 4-J-I- £ r— £ O £ 2
CU r d /-s O td to fd U  fd II
4-J ■ - >  _J £ -O T J ■ - >  ■- cu 3 l-  3 - a
cd 0  CU -J £  CU w 0  cu cu to 0 1— r -\
£ II l=> ■- £  U  CU II 1 - a £ 1— E a O Wr— £  CU 2  £ 4-J td 4-J £  cu 0 O £  4-J U  E
td CU £  11 CU CUr— fd CU £  U 4-J 0 fd £ £  CU
> 3 - i— ■ 3 £  Q. £ 3  t - rd x j 3  fd O E
cu 101— OJ to 1— tOi— ■- £ s z  w 4-J E  CU
• • £  o r a  £ 0  to td £  CL £  £ 4-J 4-J 4-J to £  CU• • cd to 0  fd 4-J "r— > td to cu a; ■1— £  E fd £
cu 1 u CU 1 3 £ 4 - fd £ 3 4 -
£ CUTJ £  £ £  X CUT3 10 £ O 4-J fd
■r— 1— H  £  £ O 1— H  £  £ •1— ■ ■ CO 3
i— XJ | CU £ •r— 4— CU XJ | fd £ 4-J CU | w  cu
Q . £  07 W  4-» 4-J O £ £  OJ II 4-J U  £ OJ to
to O fd 4 -  CU U  -r- O fd >iCU E - i - fd 4— 1—
■O £ - i -  £ £  CUr- T3 £ *  £ £ 1— 2 - i — CU'-i~’ 1
CU £  £  O. 4 -  Q.
l— 4-1— 10 to
XJ fd <
£ fd >  4-J 4-J
O ■ W  £ • . S  £
U  '-y~> i-*-i W t  *-*-> r*n \ - i - w »
£
CU
®3
cu>
£
U
4-’'£
CU10
to03
+to
4-»£
•r—
O
Q.£
in
b[
X
10
4->£
■r—
O
CL£
O
u  
£ / - >  O tS 
E  O  £ tS 
rd tS  3 LUw o
4-» 2
£  J  
1 2
CU II £ II
■r- CU 
i— T3 0.0 10 U
I ■
- a  £  r4 £
I <UOYW
rd 4 -i £ t-<-
CU . ^
£ cu
£ £
4-J • . £
II CU 4-J
■a £ II
cu £ - 0
4-J 4-J CU
fd II 4-J
u-a td
0 CU u
1— 4-J 0
1— fd 1—
td u r —
fd 0 rd
■aH— E
E r — £
td fd rd
1— u g
147
re
tu
rn
 
er
r.
co
de
;
cu 
o i  
cu 
P
a
o  
■a 
c  
rd
S_+
m
■a 
rd 
cu
L_
a .  
to 
c  
td
■r-
in 
in
a
td
0 1
c
0
•r~
P
td
S_
CU
c
cu01
L.
CU
_Q
E
a
a
IDrH
/—\
■a
c
td
i_
w
P
td
o
P  
+  
/—\  o
E
<3
L .
D )
O
Co
(3
0 )
a
O
75
o
'&Z
a>
E
3z
CM
cd•a
>I
5!
UJ3+->
a
o
o<
a
bfl
. 3
IdcuS3s
7 3
CU
Js
3
CO
- a
<U
e
< s
cua,
3
cdt-i
bX)
O
a ,
J 3
H
E
(3k .
D )
Ok .
Q .
C
‘<5
CM
<
cu
73
fd
CU
o
■a
c
fd
i_
o
4 -
V)
L.
CU
■a
td
cu
_ c
a .
a
o
s_
a i
. c
p
001
fd
in
s_
cu73
fd
CU
■a
cu
c
• i—
M-
CU
73
>s=
rd o i  
u  c73 ■ fd -C  
s- E  U  - A  
fd fd-r- A tn j= M -r — 
7 3  cu s - x : o  ••!- fd 
C  $- CU ■ Ol-C u  cu
fd P  E  O lO lP  CU C
P  to a  fd rd td a . c
to <4 -  c  c  c  E  to fd
V V V V = 
cu cu cu
73  CU73 CU CU OJ73 CU 
0 7 3  0 7 3  7 3 7 3  0 7 3  
r— O i— O O O r -  O 
U r— U i— i— i— U i— 
C U C U U U C U  
■i- C -r - C  C  C -r - C  
"^•i— \ -r  ■!— •!— \ -i—
Id
P
C
• -  to Ol o  t- 
C31 - - O  O  
( 3 1 0 0 0  
0 1 0 H J 3  
■- 0 1 0  II .C
'd- ■ - o i  r\i >> o i
O i —i ■ II X-T-
fM c o  I -  cu cu
H 1—1 II | >  C
rd P  cu I 
\  td - c  s- I P  
■ - o  o . f d  4-» to 
■ - 0 0  i— i— p  o  cu 
o O M -  fd to D . i -  
*  t o  P  fd
II 5  <u cu o  cu
• i-  P  C  CUr— i— O C
fd C -Q X 5  
P  o  P  O O P  P
C i— C  II O O C  C
■r-M-T- Q  73 7 3 -1 - -r-
s~\
P
O
o
>
to
u r~ \
■ ■> +
P H +
L  • •r~
td O• 1. P  II m >
p IO.C C
o = P V
o w o •I-
M- C - i -
CU 3 • «
E Q. o
fd o  cu II
cu ■ 1—' -r-
S_ P 3 ^
P o  o S_
to -Jc o  o o
f - s
O
H-
■3c
S I
P
73
U
73
73
in
001 v_  ^
S_
o
o
t p
w
P
rd
o
3ll
73
C
CU
V
V
V
V
p
O
o
M-
M- v'-vM- 73  4 - v
in
rH
I
O
O
M-
148
fo
ut
 
.c
lo
se
O
;
rd
Ol
rd
LOxs
eou
CU10
V
V
/~\
rdSICL
'tdv-/
a;
E
•r—
P■a
CU
P
U
CUCL
X
cu
10o
V)
•» P
r— P V
T3 V
E CU
CU to z
cd
V CU p
V i— to
CL rd
z CU
P E i—
E
=3 - P
O rH rd
U
u P to
rd to
cdo CU E
p i— O
E ■i-
■i— P P
cd rd
0) r—
JX. CU 3
rd S3 E
p ■r*
p too to
p 3 CU •«
E -E i—
to P T3
p to E
O p 4 - /~ \ CU
S3 3 O >>
.E O p  V
Ol _Q E CU V
■r- .E O >
CU Ol ■i— cu =
E ■i- P 1
CU CU p  =
P E 1— 3
to Q. Q. V
o> P E P  V
P to O 3
rd CU U • . O /"“M---1
• r* cu p  to • -  P -I—
/~ \ E rd p P P P i — 3  1— 1
e CU 3 o 3 3 T 3  O Q
■r~ 4 - E  O 4 - O O E
O rH J3 ■ — ■ • M- CU V
• • • > V 4 - - E CU • • 10 V
to 5- 10 to O Ol in  E to O  V Oo CU P P •r~ -  'r~ o O  V -r- P
■r- S3  3 3 P  CU h  + J ■r~ O  3E  O O CU E 1 •> O  = -  O- 3 . 0 S3 S3  | P  -O z O  E  r 4 -- E JE s z E  P P  CU > o  ^  >
S3 r~\ Ol Ol 3  tO rd P to O  E  to r~\
rd + • » CU-r- ■r* E  CU P  u u rsi ^  u  +
P  + i—i J= CU CU P to • -  CU ■ -  cu ■ +
■ "t— •r~ V  C. E CU rd /'-\ Cl JX fd E  i— -r-P i—i 1 1 -E  CU - O  X u s  o ■ -  rd
3 Q P  P P H  c Q  O  CU rd CL -O P  E
CL E CU to to O P l— E  3 - r -  E
E  V A m > P  dJ CU V A -rH CU P r d ^ ^  0 4 -  V
E-P--P- A f~ \ E  P p V A E  P ' - E z ^ e 4 - :  -r-
•r~ - W LU rd cd P W  Q .|— w l— C U /  P^
E CU = CU CU 3  E tO 3  = E rd to r  E  E  ■ -
E O •r- to E E O t - O E CU cu O rd cu O
E  CD II 4 - o V u  u to P  V Q. E i— V CU CL II
td CL'i- 1— V A rd V O E  U  V  p  O r
<u o ^ u A CU i— 3 • rd ■ P  • P '
L  • • P 1— rd ■ P P . +j  +j W p
P E P E 3  E ■I— p  to 3 3 to 3  3  4 -  3  P
tO-r- O ■r~ O -!- s. cu O O O o o o \ O O
q_ n_ q_ v  r*-itp o  u 3 UrJ r-'-i, E  to u 4 - to 4 -  U N 4 - 4 -
-a
ea)
149
co
ut
 
« 
"\
nc
om
pl
et
ed
 
wi
th
 
" 
« 
ne
ar
es
t_
ne
ig
hb
ou
rs
 
« 
" 
ne
ar
es
t 
ne
ig
hb
ou
rs
" 
« 
en
d!
;
U)
c
75a>cc
<
C \l
<
73
CU
CU
7 3
O Pu cd P5 3P CO Xcd P EM- 3-i- o
o oXI E cu o)E 10 X o > Ecd D>r- ■1— ■r—P cd c  e •r- P CO 73Ol p  _ o o cu cd 3 3O Cd E E p I— r—i_ 73 O P P cu u UQ. P 3 3 p  p E Xi— cd i—i— CO P ■1— cuOl cd cd 1 o o CU-i— COE ■r- P  10 10 p p T 1 1—1■r— p  cd c cd P E 1 1i— ■ rd T  P P cu cu ■1— CO ocd C P (0 E CUE CL o p • -a) ■i— i— co cd cu cu p Q. E cu /"N
e cd PM- -Q P 3U_ 10 ■1— o> rH
e CU C E p P 073 cd 1 E + pcd £ . r  CU O CU 3 Cd E p E cd X oP ctiE i/>x  u p p o cd p < pcu • 1— CU 4-1 CUcu u "O o s: cdx 73 Pi— C CU Q. O cu p cu 1 pP i— O O OM--C E E CO o X a cuO T  O P CU 3 5 o p z E
e xm-M- p  p E E p  ■ « < • - (U■i— 0 0 3 >*M- \ - l - /~\ cu E c2 O)O 1— 0)0 P \ M-fM Ol ■|— w CU73 P > P  O P c cu O E E cu Ol pCU o. cu co a) >> cu E o cd P r— E cuvo > 0 -0  C OlP ■1— > p p cd X cd X3 cd u E p  cu p  p p Oicd o 3 X EP \  3 CO\ CU 3 N p cu r— O u 3V) p \  c  cu \  c  u N CU P X M- 73 1 E
e cd \-Q  c u \ E cd p N >o s. w cu o E /'—\ Ol E•i— N  N  N p— E O rH p op CUM- ■r— • - 73 + cu 73u X CO E E E
e p  - p p cd v—/ CU cd3 rH cu E p ■a P/-\M- CU E X •I— E p Vw/■ Vk P o E CO 1 cd cd cd cu toCU p cd P 3 P E p o X pX • *. cu i— cd E E E V-/ r— P cup cu p 3 ■1— r~\ P cu M- X>  p •r- U P E I 3 P ' J— w 73 Ecu Ol 3 i— cd O E ■o P CU X CU CU 3
e r— P P p cd o 73 E CU r- 3 Ol ■ - CU E■1— cd cu cd ■ - cu Ui— E P cd P X o E/-\ </) E
li­ A E E P U Q. M- Cd E p ■ 3 73 cdP^ Oeu A X ■ -r- ■ - CU >  CUe 1 OP-' P-i- O rH O X  P 07373 x • e oi p  I oi a. e cu p  > v—/ E P 73 E U V) P  E• A E A o-r- CO P p E 1 E Ol cd P P 0)73 P P cu cdOX X rd.C P P CU CO cu cu ■I— E P E 3 E E E 3 a. cn E PP-r- • CU ■ cd o xi cu e  p  p  p. O cu CO-r- P O-i- cd P cu cu 073i—x P CU I I  X CU E ■r- E ET3 CU ■i— "O P CU U-X ■r- CU
X  73 P  P  E * * I I ■1— P cu P E P P 3 P u cd P CU■ P cd 10 ■!— E CU cu u 3 Cd Ur- CU cd E U COoco EM- -Mi— P P IP P Pl­ Pi— E  P P P E U r E
E  V V V V Cd ed cd cd cd cd X c o x 3 cd CU 3 EX 73 73 373
■r~ p O O P O O O 3 E 3 M- O P P M--i- 3 ■1— "1— M--i-i— CUcu cu cu cu ■*i—i— Ei—i—i— O o o N r - N  E N N  O o o \ oCd73737373 E CUH-M-t-M -H -M -7 3 U73 \ M - N ' r  ur J' r *-1 \ v—," 0 1LvJ r*-i > > N >CU 3 3 3  3 p
E r— r— r— r— CO cdC U U U U CO >< E E E E Cd ■1—
N r ■i—■i—i— i— p>.=«= =tfc =tfc =8= u v a
150
//s
ra
nd
 
( 
tim
e(
NU
LL
) 
);
o
ii
p
CO
CU
XI#
rtf ■
O
p— r - \
P ftf
X X
P X
• a  ro O P 1—
CU-i- O  3 ftf
•  » P  E  > r H  X v_/
P  P  E  CU U  P a i
rH • r  W O  a) E  >1 3 o / - \
II E  E  C U -r-X  CU E  O CO
10 rtf E X  P  3  0) \ E
E cu o  3  cu a - >  p r - \ 3
3 x  o  4 - 1— >  cu a) e 0) o
O + j + j ( / ) H O C t f E  -r- E X
X •1- V ) X 4 -  - 3 X
X X  E  O P Ol
a i U  0) P  rtf 1— > , 0 ) 0  P ftf •r-
•I— ■ p + J  W P  (tf’D X r l  3 E 0)
CU X E C U l t f  E l t f P  O a) E
E
1
5 t X 3 - p  0) CO P  
o  4 -  E  10 -|-
X
E
1
E
E >  X P i — i— 0) E  
X  H  ftf CU rtf E  P  ftf
0)
p P
P ftf E X  - i - 3  CU 1 X E
E E  P T 3 P  X  E * ■ •r—
• f o  i o - a - i -  i— CU P  P  
+ j . r- a ) E > E _a 3  <o x
a i
E
- U  U  O X  O O P < •r- h"
H |
rtf P  rtf X  P  
4 -  101— CUTS io 3 4 - 1 Hftf
1
P
P 0) Q—E  Q) Olt-  <0 o 0) E
E a ) x  p  u  p  p  e z E ftf
rtf x  a) ftf ftf 3  a) o < E P
P P  ■ X  E  ,— X  O  t - -r- ftf CO
10 E  0) C L P  P
ro O r -  > 0 )  ■ ■ ftf P E a)
a> ■1- T - r — O  E  E T 5  P  E ftf ■i— i—
i— p - r -  ftf a» 3  - a) o X
X ftf ftf 3  C  CO a ir— O O P r— CO 3
3 X  E  0 )-i— E l— P r — P P E O
O a .  a i e  p  p  rtf T - T - w O ■a
"O r— P O P f t f C O U E P  I/-N Ol ■ r—
ftf p - i —t - p  O  E  rtf O P *■- ■ r P  E  ftf p  CO O  X i— U E
E 3  3 T 3  3 - I - T 3  P  O X 1 • « E O
o rtf X i — x  a) E i — r~\ 3 P
p P U O t O i — P E P E O f t f ■5< CO P ftf
rtf ftf ftf I O r  ftf 3  O  P  0) 1— E E •5<
* T  CU E  O -r -  3  P  CU ai O CU
P  E - r -  P  X P  -i— p ■i— X P
p O I C O l O O O I E U P - i — f t f X •i— P p ftf
rtf X  CU 0 )-i— i— ftf E  3  E X  3 1 ftf O
o P  COX P  E  3  0  3 X 0 E E p i—
i— ftf 3  0  < 0 P  i— T3 CU 0) E P
P i— a) a)i— -I- co a) rtf X P 0)
r t  e x  o  cu c u - r - x  a) 1 •I— E -- o u p i o x p x  a) e a) 1 a) CO
<0 E CO P  3  P  ftf r - 1— -r- E E r— E
E E  0) X  P  O  P i — X  P ■i- X I O
O ftfT3 U  CO E P  0) ftf-i- 3 T 5 P P E X P / - \
P ■r cu a) e t s S o o ) 1 E ■r- • ftf CO
e  rtf O C U X X X  ■ O  T 3 P ■i— a i 1
O  1 E  p  E  s  P T 3 P X  E  w  u E w O  E E  3
P  E o  3  a) a) cu u  O i— a) E X P - r - O
o P  E  P  E X T S  E X t - t -  ftf X 3 3 i— P X
3  P u  * - o  f t f - r - p  ai  ai  x  p  cu x P E X r t f E X
E  E 3  / —\T - E  T JT S T 3  5  ftf E  0) 0) E X 0 ) ■i- Ol
P - i - E E '+ J  a) >  E  3 - 1 -  Q) E  E E ftf U  E W -r-
i / jv - z + j,— u  x r t f  a ii— 10 e x  cu rtf a> 3 ■ E E  i— CU
E r co rtf e  E  e x  u  e  a) p  P  i— O lftf O  ftf E
O  rtf C U P 3 C U E P E O  X -r -  P T 3 X T3 E  - P  P  |
U  P T 3  CU P P  ftf -r- U  O  S - r - T -  3 ■i— ■i— U  0) Es .  (y s .  cr \  \  \  O O O i— 0) 3  E ^
N E S  i \ S N W N W N > 3 v  r*-. > ftf T3 P
i 0) 3 CO ■■ U
E i — E r— E
E  U O  ftf E
<  c U  P  |
■ \ - i — \  0)
L <~*n \  E
<o
ai
x
rtf
■r—
Eftf> H ■« ++i— -P C
rtf e  I 
E  rtf'—‘i—i
e  P  P  E
a) w r t  | c ,  
P  II O '—1 I 
e  a i r — p  v
  E P  C t
10 E 3  t- 
i— E O P  3  
■ >r O P r t O S O  
■ n td P  rt l  c  CJ II 
-  rd II a> II E-r- 
■i- P  IE  CLP II ^  
( D E O E W Z ,
p  10 n p  a> a) | l  
E ' s  e  ftf P X \ O  I I I 1^4-
151
E
1—I E O
■r~ cu Mi__i M fd
E co 1
O >%
M CO i—i
cd
1 L. cu i__i
II o X s~\ E
i—i M M + O
■r~ cd + Mi__i c_ <+- ■r~i fd
i— cu o 1
cd d • •> v_y
d cu > . U > ,
■t— Ol Ol d Ol +
Ol s_ d s_ +
• > ■ -■ r~ cu /—■\ 1 cu •r*
1—1 l—l C- cu d + + d
•I- d  o X cu + rH cu • >1__1 1 1 E ■r~ + II rH
E i__i 3  ■- Ol •r~ + 1
O M /'- n d / ~ \ d ■ >. V d
M fd + •r- u ■r~) Ol 1
rd o  + E  co M d s_ V
1 ■« 1— T“ O  J- s_ d • cu ■r~
II o M- - o  CU fd 1 rH d
1—1 II ■ > d X M 1 + cu ■ ■>
■1— 1—1 5  x fd E CO d •r~ 1 U1—l.p. cu J S- rs • > 1 II d
■Mi—i d  V d c u o V • n d
(O 2 II - i- CU E d  ■ ■r~ v-/ 1
CU | X  o •r- O L_ 1
x \ 'cd ■- M T3 E  II • - o d
d O d M > . O r*-'-I- ll " o  fd CU Ol II
o > i- CU L- M  S- •r~ ■I-
CU "O CU CU W
I_ L_ CO cu ■O d S_ s_
o  o \  cu \  cu, o o
1 r*“» IM- N  CO \  1 4 -  v i-M 4 - '
v«
i—i “O
•r—i di i CU
I
M  V
fd
1 &Ol
I—I C-
•r- CU
i—i d
E  CU.
v>oM
fd VIVw/ r
>\
+  O l CO
+  J - -r-
•r—i <U
d  > \
CU OlC || ••>!-
+  >.CU
>  O l d
Ol s- cu
cu
CU C O )  o
T—1 d  c u e  II
+  CU |-r-  s - M
-I— | II +J CU c/i
II > I _  M  <U
■ n  Ol rd t -  X
w  s_ M  | I
L_ CU CO S-
O  e r  cu
H-'-w r*-, CU V Q-
I V I+j  cu
co M  E
CU 3  T-
XI, O  M
J r*i | U |
152
m
et
al
::
~m
et
al
()
M10
CL)X•Sc
Mrt
o
M3X
M3O
Ol
d
X
CL)
CO
do
•!—
M
fds_
cu
M
M
d
CU
3
O"
M  d
J  >
co M 
a) s_
CU • > X  fd r—
CO M  - a
X +J CO d
3 3  r—i o  -  cu
CO/~\ O  d X o  x
CO - -  ■■ | 3 H  CO V
I-  d i— . • i__i E -  - |-  V
o  o * a  c o p 1_ M  d
4— •(— d  o  fd fd 3 - i -  =
M CU -r- o 3 0  4 -  X
i— fd 4 -  3
fd s- V - 4 - s_ CU
+J cu V r o -  E  -O
cu m >  s 4 - 10 *r- CU
E - i— r  co cu d  M  E
1 X  U  d d 0  4 - * -  S-
CU d 3 CU •r- 4 -  X  fd
X X  II M  -i- E  3
M  M Ol  3  X fd fd "O CU
d d  E E m S- • -  || M  E
" ’ r ~ ■i- P. cu ------- CU /—s L- | CU
CO ^ E  - - f d  +-) cu • - X  t—\ M  O  CU M  ■ -  M
M  X M M  3  1 E M  C O O - r 'P M  CO CO
i— 3 fd 3 :  P ■r— S - - r - W  | B t  CU'—'  ^
CU E 3  O ' - '  CO M f d d C U d E  I x c u c o
E  u r  4 -  d  CU ■M•(— E  — r" L- cor
-  fd a i x • a co 4— t -  iH  M  cu i— i O
s- 3 V E  x-ic M ' - '  II X 1—'r— V
o  ■■ V fd O O  M M  II r - x  CU U  V
CU ■ M U | |M  fd co CU M  ■
X r — p  i_ p  fd CU CU CU M CU-r- E  CU M  M
3  fd 3  M  3  O L. E  E  fd d  C r r  3  3
M O co O r N ■ i - T -  M  d - r  M  CU O  O
CO CU 
E  E
i_
fd " o  
5 t  
\  o
U  4 -4 - 4 - \ M  M  CO f d 4 -  |"0 4 -  U
'N>M
M O)
d d
■r— ■f—
L_
» 3
M ■O
3
O ■O
4- cu
M
E U
fd cucu Z |—
S_ d  CU
M /  CO
CO
4 - CU d
s- cu
» 3  CU
CO M  X
d fd
o S- cu
■r— cu >
M x  fd
fd E  X
L. cu
CU M  co
M -  E
M >% o
•r— Ol M  ■!—
1 s- fd II
d CU i—i
d  X  ■!—
O) CU U  c—'
d -  -1- T3
o CO X  cu
r— cu 3  ’ - M
Ol I—i U
•> C  d  cu
cd fd u  |i—
X x  fd ■—1 cu
X u  M M  CO
1— 1 M  d  d
fd d  - i - 3
ocu CO M  3 r - \i— d  ■ cu +
X O  > d  d  +
3 ■i— fd O  II ’i—
O M  S - - i - " 0
■O nj i_ m  cu ■-
av—' j— fd fd m  d
d i — CU LU J-O
■r- fd M  d  CU CU V  cul— cu ■i— • -  fd M i—’i—M
fd d r  Mi  M  CU U
CU d -C U -I- CO --CU
d  fd V - n M  d  O r -
d  •• V - f d x  3  II cu
fd ■■ ■ r  ai  U *  - r  CO M
r— M  s_ td
E rd 3 M U B M S - M M
M M O  d  W  d  O  d  d
O  cu 4— ■!— W ' r -  4— •!— 'i— ■
4 - E
s_
CU "O
X -I -
\  o
>^ >> o  fd,0)01 II I
L_ L_ .»  10 COa) cu • -o  cu cu
d  d  > , ■ ------ - 0 ) 0 1
CU CU OlrH COO d  dI | s- || c  II fd fd I— i— cu c  o cuxx  fd fd e o t  oiu u 
U  U  <U*r“ M d  | |o o J+j fd fd
r— I— fd U  S - X  0 ) 0 )  
I I P  CU 0) U L  
■ - 2 d r  L- M ■
X  CU i— B - r r  E d O’O’O fd.
I cu cuO d d
d  cu cu I I I
d  d  d
fd fd fd fd 
M O O O O M M M M  
d l — I— I— I— d  d  d  d
i— 4— 4— 4— 4— ■(— -i— -i— -I—
153
fo
r 
(i=
0;
 
i<
n
_i
tt
er
at
io
n
s;
 
++
i)
 
n_
a1
te
 r
at
i 
on
s=
0;
CO£d)
S iE
O
C
CU
/~ \ £
CUT-) CU
j £  1 -C
+j £  1 3
M - w cu
O o i
+J £
10 10 fd •
CU £ £ CU
U  ■(— Ol
CU4- cu £
T3 _cz fd
£  CU +J s:
• i -^ r u
4-» q_
cu O i—i cu
x :  £ rH . £
H t ■M 1 4-»
£ O T~) ■ — CU
cu ■T3 O 1 4 - 0 Ol
*o E  £ £ O ■ £
£ O O i—i s- 1 rH cdo +J O '—1 a) ■—■ £  II J£
fd 4 -  "O S i  73 O £ U
E CU E  cu a ■i- O
O ■O CU +J 1—i O +J E 4-J t - >
■O CU £  U  £ £  u  cu U  4-J Ol£ 4-J fd CU L—‘ CU -M CU U £
ccS U  i— 73 - o  ■ -i— II £  CU ------- CU
£ CU to CU cu CU i—i CU I—i •r— £  ■ - O  O £
i— E  to +j ■M £  CO rH 7 3 -i-r H  || II CU/~\
CCJ CU O  £  - - U U  i—i £  1 73  1 u
(0 4-> O^-S CU CU ■ -"O O - n CU II O lO l CU £
£ r - \ £  fd T - r - r— - a  CU II 1 - £ / - n £ £ £ _£ £■ X ■I— T—l O M— 1 CU CU CU 4-J i—i £ 4-J/~\ O CU CU ^ Jo + 73  O £ CO CO +J U  £ | fNJ-r- £ £ V
II E  + £  CU | £ U  aji—ii—i ojv_ /4 -j aj ai CU 73
> CO O rtf +J 10 W  i3 CU CUi— ”0 7 3 C P U  I I £  CU
cu +J ■- U  -M +J II _£  i— CU CU CU ■i- £  CU i— |— •i-  4-J
a i rt £ ■M CU £  £  "O +J (U CO 4-» +-> E t  £ fd td E  U£ I Ur— CUt - CU C 0 E U U £ T 3 -r -  U  U £  CU
fd JZ V CU CU E T 3  +J CU o  cu cu CU £ 7 3  O O CUi—JZ U ’n r— 10 CU £  U >  CU II r— 1— 4-J td i— i— 4-1 <u
u fd CU £  i— fd CU O £  Q.CU CU CU £  CU I I CU CO
1 cu CO O CU £ i— E fd E CO CO 7 3 ' - '  CO-O 3 7 3 ' - '
>% o II cu W  cu £  £ \ 4 - i — i— cu \ 4 -
Ol t -  II \ W  £ 10 ^ \ 4 J  O O \ t  CU O £ \ t -  1£ CU T->
cu +J w£ 1—
CU fd S-1 1 \  o£
/->
++
u££
+'rH+
73
<U■MU
CU
CU10V
oII
£/£
o
M - ' n r '
i—i 1—1
i__i 1—1
E E
O o
4-J 4-*td
1
fd
I
1—1 i—i
73 -a
CU cu
4-J *->
CJ u
CU cui— r—
CU cu
CO CO1__1 1—1
E Eo o
+J 4-»fd rti1 1V-/ JxZ
> ) +
Ol + Ol
£ £
CU ■ XIX CU£ £  U £
CU O  £ CU
II ■r— £ II+ 4-J | +
> ) U  +
Ol CU rH Ol
£ J- + £
CU • r-7 3 CU
£ 73  CU £
CU II 4-» CU
1 +  u 1i—i curfd 73  r— fd
u CU CU uo 4-J CO o
1— U  V r—
1 C U ^ 1
73 i— 3l— cu cu
O CO O £
!—J II
O'-' 
+J £  fd O « 14-'
154
de
l 
ta
_e
ne
rg
y=
ne
w
_l
oc
al
_e
ne
rg
y-
ol
d_
lo
ca
l_
en
er
gy
;
P-i
CUPfdp10
10o
o■r—>CU
Q.
/~\ p\ coi—i i—i i—i i—i m.X -X J*/ -X pi—i i—i i_i i_i •P"
E E E EO O O O oP P P P pfdI cdI fd1 (dI E /■“N• > • > o cui—i i—i > i—i i—i p L_73 73 Ol 73 73 oi fd 3CU CU I_ /—\ CU s~\ CU i_ pP P CU .X P J*. P cu 73 fdU U £ + U + U £ CU L_CU CU CU + CU + CU CU p cu1 I— i— 1 u CLCU CU • > CU • *«. CU p— CU E10 co *(d u CO u co rd 1— cui_i 1_1 u £ 1_1 £ 1_1 u cu +J,
E E o £ E £ E o COO o 1— 1 o 1 o i— sP p 1 + p + p 1 CU cu 1^td1 fd1 73 rH+ rd1 rH+ fd1 73 OV~\£ i—i -Ep OlL.w /—\ V—' 'o 73 V_/ 73 v-/ 'o fd 73 <uJ*. >, -^ / 1 CU > CU 1 JC CU £ £+ Ol + Ol > P Ol P Ol > U P s_ CU+ + P Ol U i_ U s_ oi U o Jcu CU l_ CU CU ■- CU cu L. CU cu p fd• > £ c c CU p— £ £ r— £ CU -£r— O) £ p£ cu o £ cu £ CU CU o cu CU £ P  CU P O r—J II ■1— J II CU CO II ■r- CO II CU CO •r— CUV + P V + 1 V + P  V + 1 pi—i 73 P 73>1 U.X .X >% U.X Ui— £ U 1
rH Ol CU oi ffd Ol CU Ol cu fd fd CU v—/1 m » s_ L $_ u • > S_ L L. u ■1—1 £ L_ Q.U u cu •r- U O) o u CU ■r- U cu o CU-r- CU-i— X£ c £ 73 £ £ p— £ £ 73 £ £ (— S- Ol 0173 cu£ c cu1 II £ CU 1 £ cu II c. CU 1 •i— £ II A1 1 + I 1 3 1 1 + 1 1 3 o  c- fd 11 1 r—i 1 cu 1 i—i 1 cu P °. ^  i—i /—N w£ 73 73 73 £ 73 73 73 £ 1 U73 o CU1 CU u CU CU u II CU u CU CU u II P A CU • r—■
A P o P P o P o P P o > CU i—i CU P o J373 U 1— U CJ p— Ol U 1— U U 1— Ol .£73 sz u A 3cu CU 1 CU CU 1 s_ CU 1 CU CU 1 L_ P CU P cu 3*i OP 73 i— |— 3 cu r— 73 p— p— 3 CU CU P r— Ol 73U CU i— CU cu cu £ CU r— CU cu cu £ U P CU L. 73CU 10 o CO CO £ CU CO O CO CO £ CU 3 cu U CO cu £II ' II J II >—1II J O1—1 £ fdCU .X E-M fd J*/ E rd cu cu ■1—1 £ cu i_CO O'-/ P V-/ O'-/ p £ CO CU O J wv_y L. P  P 1_ p  p 1— ■I-1—I P  P fdO fd o cu o rd o cu E E \ f d p 4 -
4 - , 1 4 -W  P-.73 4 -  P - . 4 -« -P  P n  73 p  o \  1 f— ■i-
•r~ CU P p  fd cu73CU CU cu ICO CO 73'-/
\ 4 - 4 -
CUSr» fJS CU'-P r S \ t  '-v-’ p - i- l- '-r i
155
//r
ej
ec
t 
th
e 
ch
an
ge
 
an
d 
re
tu
rn
 
th
e 
se
le
ct
ed
 
ato
m 
to 
it
’s 
pr
ev
io
us
 
st
at
e 
_a
to
m
[s
el
ec
te
d]
-=
di
 r
ec
ti 
on
;
COco•r—P
L_ to
CU £
P O
i— ■i-
rd P
1 rd
£ £
CU
Po l—
fd
1
u
fd
£
£ M-
P O
Q. J*
CU u
CU fd
•O
£
P
£ Q.
fd CU
CU
>
o i
£ "O
cu £
£
cu
fd
3 Ol
cu £
£ CU
£
cu cu to
. £ CU
p 3  Ol 
CU £
cu £  td
p SZ[— • •» cu u
3 / - ^ - £  1
u  > . p  > .
i— Ol Ol
fd £ CU £
u  cu P  <u
£ i— ■» £
-  cu Z S/-\ CU
cu J u  > .  |
o i  fd to i— Ol £
£  P  cu fd £  +
fd i— ■ -  o i u  cu +
. £  CU IO £ £
u * o  £  fd -  CU
V-' 0 - £ cu J o
CU CU-i- u o i  fd
- £  D I P  | £  P  O
p  £  rd > fdi— ■- V
rd £  O) SZ cu to ^
P J Z  CU £ U " 0  £  Ol
D .U  P  O) v -/ O £
CU P i — £ CU CU-r- CU
U  Q .(d  CU - £  O i p  £
U  CU | | P  £  td CU
fd U  £  £ fd £  J
\  u  + + P - £  cu fd
\  fd +  + Q .U  P  P  
CU P i — 1—
u  Q. rd cu
cu U  CU |"0
(0 fd U  £
\  U  +  4 -
1 CU '~rJ f*-i S  fd +  t -
CU
to
(-*-1 CU *-P r*-i
£
CU£
ZSP
cd£
CU
CLE
CU
VV
>%Ol
cu£cuI
cu V1— 
•r—
V
4-
o
p VV
fd £ to_c O £
CL ■i— or— P ■I-
fd rd p
£ fd
£ CU £o p cu
p ■r* p
u 1—
fd .£ fd
<p P 1o £
fd o
rH V
> V
S I ><s_cu cu »
£ > E
Z3 fd cu
p-£ V
rd Q. £ V
£  r— ocu fd 4-/~N ■I—Q. II
E* rd p Vcu cu P 3 V
P, £ fd Cl
1 3 ■o P p
p Z5 3cu fd P O o
U £ 3 ^ <p3 CU Q.-i—■o Cl pv_/
CU E ZJ —
£ CU O '-'
\ p ^ 4 -
\  1 \ ’r  SHf
156
//
if
 
th
e 
en
er
gy
 
of 
th
e 
m
et
al
 
ha
s 
no
t 
ch
an
ge
d 
fo
r 
10
00
 
ite
ra
tio
ns
 
th
en
 
st
op
 
i f
(n
_e
ne
rg
y_
cn
an
ge
s=
=0
) 
n_
no
_c
ha
ng
e+
=l
; 
el
se
 
n_
no
_c
ha
ng
e=
0;
fo
ut
 
« 
i 
« 
« 
n_
al
te
ra
tio
ns
 
« 
« 
_e
ne
rg
y 
« 
« 
..t
em
pe
ra
tu
re
 
« 
"\
n
co
ut
 
« 
"no
 
ch
an
ge
s 
in 
10
00
 
ite
ra
tio
ns
" 
« 
en
d!
;
br
ea
k;
E
CU
4->
e
o
Q.
P— o
~o e
e ■ ■»
cu
T3
E
<4-
■p-
V CU EV V O
10 V T3 rvi cu
e CU E a>
o ■a ■ *1 ■ IS O E
■ I— CU ■r~ 1-1 1—1 4J fd
■M 4-> > •r~ ■r— td s :
rd CU o i__i i__i CO U.
e 1— E 4-» 4J E  4-J 1
cu CL Q -fd CO CO o  td
+J E 4-> CU CU 4-» O a i
O e  rd _Q S I rdi— E
1 U CU-D I 1 <4-
■ > CU
4-» II II o E
e CTl E r — i—i i—i 5  : fNJ CU
e ■ r fd ■i— ■r— 4-1 rH EV ■I- O  E i__i i__i E O 4->V Q.-I- ■M E E  O 4-» fd
CT) 10 O O  4-> fd cu o
; cu O -r- CU 4-> E  rd i o y —
3 4J E S i fd M- rH E 4 -; 3 O 1 4-» E f d E /
rd E s~\ E  td O SZ cuV o  CU + O  O 4-* U  O)V ■i- -E + + • r -1— td EV 4-> 4-» ■r~ + 4-* 4 - w fd cd
■ 1— V 3 ■i- 3 E / # -C
/ “ \ • •> i— CU ■ ** S i  ^ r~\ 4-> U
■M V +J TJ O  4J E • ** • i-  cn rvj Q.4-*
3 V 3 T3 CU CO •(— J E E E E CU Q.
CL o CU +J E V 1 +J (U O U  CU
■P +J u CO U 4-» 3 ■I- V E  E 4J U  U
3 3 3  CU CO E ■1— O  CU fd fd U
O o p— CU CU • » U  ■■ 1 fd
u o > c u -Q > o • X ■ • rH o
■i- e  co O z ~ \ II o > n— E 4_i . .
rH o e cu o •r~ II o i f d O r—V E  2 -E T 3  II E / •p* E 4-> 4-» E  fd
rd CU 4-» CU — E E / CU CU fd CU 4-»
<4- _e E r —i ■a +j o E E  E E / SZ cu
■p-«nr-' HS CL i__i CU-r- CO <4- o CU 4-» Ep— CU cu 4J >  CU M- 4-> E CU
td CU 4-» ■i- O -Q cu rd E .E T 3
V-/ e  cu E EE/ <U E  O 3 S t
<4-1— CO ■r— r— 4-» O
M- \  CU 1— E*4- CU CU >
r*n •r- \ - a W ' i —E J  r * - ,  <U E E T3
CU cu ■r- CU
4-» E U  E
CU-i- CU-i-
T3i— T3i—
N  E N E
r S  \ ' I — W-1 r*n \ - r - v
_e
ne
rg
y+
=e
ne
rg
y_
ch
an
ge
; 
if(
_e
ne
rg
y<
_b
es
t_
en
er
gy
) 
m
ak
eB
es
tO
;
//e
ls
e 
if(
_e
ne
rg
y=
=_
be
st
_e
ne
rg
y)
 
co
ut
 
« 
"c
ha
ng
e 
m
at
ch
ed
 
be
st
 
en
er
gy
" 
« 
en
d!
;
P
rd
4-
O
W
P
Wcu
X
a;
o 1—1
P •r~ ■r~
■ ■* + i__i
C >^ + E
o cn O
•r- P P
P CU c fd
2 / ~ \ o  1 1
i— CU V II
O P h i ­ i—it/j in ll ■i-
(U i__i
P  CQ 0 ) 0 p
C CU P  II in
CU-X CU-1— cu
p  fd c X
p  E CU P 1
2  ■■ 1 o
U 4-* t -
f— in'-H'
cu fd cu P
x  P X  o
p  cu 
E
P
cu o
C/l "I-\  o
</)
'</>>»
c<
c
’ </>
<D
CO
co
<
o
J-
S
d
ocn
ed4-iO
•8
oVHOh
CU
X
Oh
<UP
'TD
(UP
2_o
o
a
13.X
‘a
x
&
£■y
x
ed
<u
p
edcn
to
CUXH
ccS
O
>i>—iOh
<
CUX-*-»
ao
on
is*
c
ccS
O
cd
(U
ccS
PQ
CU
O h
sccS
p
OX)OP
O h
XH
X
CCS
XO
<u
X+->
to
.3
§
fo
O
CUo
2
OOp
Oh
Ocn
ccS
fc!
ccS
O
O h
ccS
O
Id
O
cu
PO
Oofl
(U
X
o
cu
X•P
3
ccSo
&
B
(U
X
H
x
ccS
X
2
O h
OP
<U
N
X
£
X
ccS
X
2
O h
H->m
(U
XW)
in 2 0
•r- in cu in
in in CU-r-
cu o .
j -  in cu
E  O. J-
E  P O 2
fd fd l o w p
X 4 -  C -r -  fd
c  P td in l.
fd /—*\ CU CU
•r- O > ,  CUX X
in c W  i_ p  Eas td CU 2  O CU
> O  P  Q .P
fd p 2  rd >»
X X P  s - X  cu
a s ■r- CU X
P - r - p a i d P
O r— ■ i— E
4 - 4 -  c rd cu cu ■o P  c  =
in 4— •>— O  -r- P
cu O P c  cu E  X
in ■ r— ( d C L p
cu cu in •i— cu ■
X  E  o cu E  P  in
p - r -  X C  i -  cu cu
O P E rd c u o  in
X  O x  P  in
> hO  U P  cu o cu
X  CU CUO P  2
P O E  O)
>> P  2  CU o cu
."tH o in - i- ^  P  U  O)S3 4 -  rd 4 - O  c  L-
3 CU-r-in E  u
H o  fd cu 
i c u o  o s
O • i-  cu o  in or
in p  x 2  2
cS fd o in E  X  CUX o in fdi—
O-1 0 4 - P - r -  *(—
<D id cu o 4_  <U4-
X/l
£
in CU O
in-r- cu 
fd in s- 
cu cu
n o  fd P  
X  2  X  X  
v_ /+ j +j ai
o •>d-xx O -r- CU PP O  P  Q- O P E
ccS o  o  in ■i-i— O
f— fSJ 0 . 0 P  td in cu—H<—j 13 >\ E ■r— •!— Pcu D C X P in cu in fd
llI rd O X  CU PH-> C3 <U x p x  rd
r 2 X  cu E p  x
X > > P  u o  P  o  cu
ccS X  o u  o  x  in
X c  cu r— >,
O O  CU s- CU X X XP cu cu cu p  fd
Oh o  3 4 - rd in cu p
-P ■r P  CU ■r- Xcn
CU >  CU i- USX P  co x CU P  -r-
W) s- rd X  XQ. CU ( d c p o
X U  J- O-r- CU
o i n c o CU 3  s-
X CU CU4- X r— OH-> •r— S- P  CUO P
-P p  cu^t- x  cu inCCS • r - 4 - O P-r- C
X U 4 -0 O X-r- CU
"*”* O-r-fNI f— JQ P
O
E
r— O  UJ x x  E fdcn CU II Cd. u  o
O (0 > P U I c  fd u  cu
(U i_ fd U fd cu in
cn D ) in p ■|- c  cuI—i O CUi— >»i in p  c u xcd in c u x cu o x  h-
s CL o o >>u. PS-i o fd ■
O C cu c  cu _ a  ■ w oc O O P E •!— O
E o  u CU^ 213 UO-I- X  X  O
£E c u o p i H  U Win in cu r4 -i—’Eh T"* •p- rd J- P  1 X  4-
X
o CO
x x  o .  
h-
0 0  3  o
LL
cdcu <
158
L_ CO Ol Eo
in
■I— XI to P ■r~c u e cu lh >,CU U-i- x i  cn LT> p10 e P E CNI-I-CUTS O-i- r—CU I- Ol X 10 O-r-
r  c j l >>3 P X-PM- O x fd<U P i— o x4- L w P cu oo fd X E  Ecu to P-i- O XC £ t i— X EO P cu P  o•1- CO ■DX Ep e c U cu cufd o cu T3 fd 3 NE p  Ol E CU i—fd > , fd fd-aCLP 3 E > EOIXX P o fdto 01 X I P cu
■r- E Ol i— /~\CU I— o ■r--a rd.x-CP e r— CU u  up  p P  E to fd CO COp E > V “ p  p■D O cd P  o CUX o o
e  p OP EW 1— 1—rd cu fd E ai X X
E  ~o CU cu o
P ' i — E  CL fd E E Efd P  P •|— - a O O.Xx  fd P E -a cuP  P CU CU E E E E • -X O i— CUX e ai O O-r- COO CU X P a>r- ■i— *r— i—
1- tn~a P ■i— to P  P  CO CUcu CO to to U U P  XCU 3 cu T3-i- to fd CU CU O-r-
_CC r— _c= E fd E Ei— Q. 10p  fd P cd to i— ■1--I- X ^ P> ■r— cu cu - a - a  n cP  T3 E  CO E X E (U-rO CU c fd >. fd-r- X >> Or— Ox  fd E i— X X XE H oifd CO E E CU 3O = O E l— >i •r- ■!— DIO fd■i— • P e  fd • CU P ET3 PP= X CL 10 X ■!— co co cd fdU P P E P ■ 1— J— i—i— E \T 3fd X ■ CU fd E X-r- CU CU cu5- P  CU x*l— T“ X x x cu ai inP ■ U P 10 o CU fd •r— •[— "D E EE E C CU CL X X X X 3 fd CUo o cu o >, P  o /~\ HS p  E ai
U - r -  E p  fd fd E E P P P -r-  P  >P CU ECflP /~\ X CU fd o O Pi— 3r- fdP ■r- fd CU > P i— fdXfd E CU CUTS ■a p •r~ I— E E fd IIE fd e - a x a  in ai cu cu cu\i—PE Q. fd H co p  cu ■a x x \ < u  ocu cu oi CU E •r— X CU - E E ■ X_E 10 E E  ■ CU p  ai l— P  3 3 fNI t -  EP : CU i— ai (—  "1— X O E E *  X CUcn to CU >>| rd X 3 P  W r H  EXCU E - ■r- X a O - \ \ H  CU E
X I •(— •I— X CU cu -a -a -----ii x  3P  E CO X ■ r - X cu ■- nofsi cu cu E"0 •!— CU O w p cu - a  to a v a \CU CU i—X O X X  CU to to c  3 ^
E  E - O • i -  U fN COX co ■ co cu II II fd P
•r- o cu P  fd 1— p/~\ E  CU/—\ X CO CO E-r-E P c_ C U P CUT- cu O r -  X cu CO i—r— p  p  m
E to O cu o x  s  p ■r-  X E II CU CU i— r— "d-
cu P CO E •r- T“ • » P  3  CU fd P X x  cd rd i e
p cu CO cu o X X  E  X ■a fd O r— X o ■r- ■r— t—1
cu E X P 3 o  £ :  A p E T 3 X p 1— X X C U  CU II■a fd cu p o P - l - E ^ X  E to t d E /  3 cu X X — i— E
E •a E o x • A fd A i—P  o E • > X X
o CO fd E cu Ol CO LH X E  CUX cu C J-O 'O '-v-> ^  cu P  P  3  3  P
p cu O  P S - r -  LI-I fd o  e  ■ u CU X E Z cu -  X E E  O  O  E
3 cu : e  fd cu O P f N J E P  P X fd ■a to X ■1—> >1 •r—■ r ’D ’D r■a1— E  p P i — p E p  u  to P X P  E X - p ,cu fd CU X 3 fd E - a ■i- cu o fd to E  E  O p ■1- 1 P  P  P  P  P
co > x  p fd u •1— x  fd cu X  > *i— E cu O  3 t 1 /—\ p CO 10 CO CO CO
3 X  • P i — E U CU E t o :  V V V E •r- O  E p t / P  o E E  E  E  Ecu co fd fd fd X rd e  ai E  CU CU CU CU fd P  U X o E E r — O O  O  O  Oo to O  P -a u o CU-I-T- cu-a'a’a-a E U r— ■i— ■r X U U U U U
CO cu E fd s_ 1— CO ■ 0 3 3 3 3 E  CU CU X fdi—x  p-a cu to X E  CO fd i—i—i—i— Ol 3i—i— Efd P td: x -r- fd o fd fd cu u u u u E P X X E
1- u . X  E  E  E  E ■r— 3  3 3 P
— i— i—  'I — CO \  O  O E E=tfc =8= 3 ^-o-a CU ■ 1 -
159
tOpc
■r—OQ.
£cuX!£3£
10
£ £ O O
•i— ’I—P P u u cu
L- £  
l—  -P- ■(—
CU 'O 'OX
■r— > i  
CL
£  £  
S _ - r — - 1—
CU
cu a) p X X£ -I— ■!“
CU 0 . 0 .  Ecu.£-£
r— U  Ucu fd rd cu cucu
£  £  £  O O O 
4 - 4 -
rd P P fd 
£ T 3  
CUE £ 
CU -i—
£td
£fd
op
u
oj-o E fd cu > £ i
£
P  £  T3  
■i- O  CU 
3 - i -  CU 
P  Q -  
(d 10 
£
CdT3
Cl  £ ____
cu cu 3  fd a .  cu
>  w  O P < r  
to fd 3
■a cn " a r  
fNJ £  cu u  cu 
\ - r -  u  p  td to
\ T 3  £  fd CU 3  
I— CU P  
■ -  O  £ i — 4— £
l/)„C cu cu o  o  
■i- 4 - 1 3  4 -
cu cu 
£  > T 3  CU 
. I 3  r—  
s H  P  J 2  
D -t -  fd 
■ •> <  P - r -  
, C U \ r -  £
. U \ <  fd 
£  \ >. » cu ■
£  £  fd > ,
o  cu P  ■■> £  
.. -i— 4— fd cu rd
O  O tu CU P  CUT3TJ £  o  £  N r -  fd £  P  3  O 
fNJ 0 > r - - 0  £  | ( d P  a
ll ^  to 3  td c n p - r -  e
CU £  0 . 0  Q . £ i—  P  CU
N  II 3 T 3  CU CU C U r- P
• r  to o  V to o r a  td
to a .  £
0 . 3  O £  A A A A 
3 0 P 0 C U C U C U C U
o  £  to P i — I— I— I—
£  cn rd u  .0 .0 .0 . 0
O  £  i—  CU 3  3  3  3> o o o o _
P  P  P  ■ O T J T J ’O  CU 
£ £ £ V V V V V P
■i— -I— -I—
£  £  £  £  £  CU 
P P P O O O O O i —  
10 tO I O P P P P P . Q  
£ £ £ U U U U U 3  
O O O C U C U C U C U C U O  
U  U  U  >  >  >  >  > T 3
CU CU
CU CU
fd
CLE
T3
£
CU
VV
• a
£
CU
VV
pXp
cu
X ■ U
P £
£ CU
£ ■I— £
• «. O • ■ CU
■r- ■ ■ 4 -
£ P to cu
■I— fd
£
O
■r—
£
• > ■ • fd a . cn
p— to cl E •• £
- a O cu CU z CU
£ ■r— to p p cn
CU
£
v -/ X
P £
to V z CU u ■ CU
cu V p CL fd CU a . /—\1— X O + _o u o +
■I— z P + 1 £ +
4 - td ■ P ■i— SZ CU p ■r-
P £ o to £ o
E td O £ • > 3 CU £ • •>
O T3 ■r- \ £ to ■ •> Q. 4 - / - n £ to • >
£ P / “N fd f— CL ■ CUr~\ fd r— CL
4 - cn rd£^ u CU E  £ £ £ / u CU E
£ £  £ “ • X cu o £ z  ■ . X CU
td ■r- fd CU o ■1— P - r - Ol CU o ■r— p
P ■a 0. 0 . V CL P £  Q. V OL
td fd • cu o V £ >> A fd > > ■" (U o V £ > A
~o cu £  tO | £ V A £ £  cn 1 £ V A
£ ■i-= to P  3 ■1— fd ■1- r  to P  3 •r-
£ t O ^ T 3  P £  O. cu £ £ / - r - 3  P £
■r- £  • o  cu •« ■i- CU to £  ■ O CU •« ■I—
V E  cu £ U  £ o to to o E  CU £ U  £ O £
~a V fd 0.-I— II 1— fd Q.-I- II
td cu o  to ■1— u (U O  £ ■r*
cu p £  ■ — • £  • — V-/
£ 3 P  £ V - / £ £ P  £ W t_
s o lO -r-4 - o •r- to -1 -4 - O
N u 4 -  tO-r-'-r-' r-«-«4-'-*-' r*-i tO 4 -  £ - p V r S 4 -W J
160
ge
rg
_r
ef
er
en
ce
.p
us
h_
ba
ck
(t
em
p)
;
q -
o
e
o'I—
P
fd
3cr
cu
cu
o
/'-'N
e
p^-\
X / - \
+ JV _ /
■ e
td cu 
P  Q.
■ -  fd oCT3 | 
• i-=  inT3^t- 
E  ■
E  CU C  
rd a .- i-  
CU O T3  J_ . —. 
P  C ' - '  
cn-r-M-q- "d t  u
73
e
cu
Vv
pX
p
fd
P
cd73
e
cuQ.O
PO
e
E
fdu
o
V
V E  
s_
P  3  
3  P  
O CU 
U  E
/~n 
CL 
E  
CU 
p  v—/.X
U
tdSI
I
Cl
E
CU
pv-/
.X
U
fd
.O
I
+
+
oII
■I-
Vw/
E
orS4- L
V) 
3
■ - i n  ■ -  a .
0 . 3  Q. • 
E  CL E  fd 
CU ■ CU P
p  cu p  fd
73  73
A 3  A P  
A P  A fd 
■i— P  
E  P  E i—
■r i r- CU
73 fd 73 73
/~ \Vw/
CUin
o
u
r*-«73
q- fd
cu cu
CU 3
CU/~\
cu in
P  73
O U
cu o  o i
o  in
cu u
5
o
I_
Iin
■r-
in 
cu +  
£ ' n  
P
O  ■ -
o .  in
cu
X
•I-
Q.
X
VXI
3 ' r
O  
73  
V O  
E  || Ot-1
p i - /
U  E
cu o  >q-sr'
cu
p
Ol
161
p
3
3
Ou
I
/'-'N
CU 
X
■I—
Q.
3
CU
Q.■acucu
CL10
4-o
10
P
cd
3
3cu
P
3
10
3cuai
>>
3
□:
<ocu10cu
Xpo
CL
pfdp
cu■a
op
cuu
acu
3culi­eu
ai
3cuai
i
iocu
. 3
Po
CL
>x
\cocu
■'d-
3 *
/—\ ■P" i— iCL 3 •i—E o fd i__i
CU 3 p 3
p 1 fd Ov_/ to •a •i—
-X ■r- - a P
u to ■a cu fd
fd CU 3  to 3
-O X 3  3 fd
1 P o CLx O to cu CU
to a. 3 to
3 4 -  fd + II
CL SZ o + 1—1• 3 / to ■ n ■ n
3 .X - a - a i__io u CU 3 •« r—i
3 fd CU O n to mt—
I SZ CL u  + r— i__i
to 1 to cu + CU to
-r- . 3 10 ‘I— X ■i—
to to to o ■I- to
(U 3 ■i— 3  ■ - CL cu
X CL to u  to X - 3P • CU-r-r— V P
O to - 3  S CU ■ n o
CL ■r— P X CL
> to O t O - r • - >
SZ CU CLfNl CL O SZ
SZ ■ >  ■ > . II
p / - \ sz o  v ■ no 3 / •r- 3 ^
CL CU P  to 3> to 3  |— o
r-’-iSZ o ai rd o 4 - V  H-i
1— >  3  II
u 3  cr-i-
• o cu^->
3 U  p
ai
- a  3
3  O ■ —
3 - r - to
O P r—
lO-r- CU
to X
4 -  O ■1—
O CL CL
■Or— 10
X
✓“N
CU CU-r- CU
CU X JZ r—
CL-r- P XI
10 CL 3
E O
3  CU O 73
0 - 3  3 3 /
4 -  P 4 - S .
cu >>"a
f - \
73
3 X 1  CU CU
r— P CU
fdTJ fd CL
>  CU r— to
3  3 3
CU -r- u -I-
SZ E l— E
P  3  rt l
cu u 73
p  p CU
O  cu to CU
i— - a - i - CL
CL to to
cu cu X
■ 0 - 0 - 3 fd /~ \
3  P E  +
3  3  0 ^  +
O fd CL II -r-
to  u  >
s z m i~ n  cu
4— i— oo a i  x  to
O (U P H H - r r -
i— fd II II CLCU
73 cu p - o - a  3  x
73 CU X i— CU CU CU-1—
CU CU-I— cu CU CU CL CL
CU CL CLO CLCL73 >>
CL to to to CU V
to SZ cu 3  X  (Ut
II CU U - 3 ■i-  fd CL
II s z  fd P E E to ■ •>P P cu o
O ■a CU CU CU II
i— 3  P 3 1---1----1--- ■!—
CL o fd r d x x x ^
3 / 4- 3  3  3  3w O O O O
4 - 73  73  73  4 - '-
•r~
CU
to
i—
<U3->
cuI—x
3
O
T3v_/
+■acucu
CL10
3
COcu
'd-
•fc
fd
3fd
CLcu10
-X
utd
X
I
. 310
3
Q.
3o
10 ■I- 10 ■ - ai 3jc o p  t- o 
I Q- 
co > ,
■r- X1/1 <*3
CU +  -a +
O
CL ■-
>  10 
^Ir- 
CU 
A XCU-I— 
l— CL 
X  X  
3  V 
O ’n■a
v  ■- oC- 1 
O ' n4JV-/
U  3cu o 
> 4-  ■
3o
3
I
10
•r-
10
CU
SZ
P
Oa.
X
SZ
ssufd
SZ
to
3a.
tocu
SZ
Poa.
X
CU
3
IOl
3
CUOl
4-
O
PII
II
Po
CU'
sz
ufdcup
3  rdO P
4 - i —cuP73
XOl cu•r--3l— P
4 - 734- 3O fd
CU 3E O tO
■i—  - i— T -P  P-3■r- Pcu to-3 O EP CLO
3P  to 4 -O P
i—  - r -7 3CL CU> PP.Q fd
SZ i—
0173 3■r (UU” , •  -
i—  3 i—IO tO4- -r- fd 1 1E U CUCU4- 3  O Oo cu to to fNJ
P - r - to 13
CU CU II IIE 73 to 4-4-
• r -  - i -  O o
P  10 10 P  P
■ i -  CU 3 XCU X - r - fdXr— P  E E
P  CU O
X  CLCUCU
162
cu
u0 
cu
i_
cu
4 -
cu
L_
IQ>
S_
cu01 I
cu
X
cu
X
4 -
o
p*
■ n
CU
X30
T3v-/
1
o
p3
v_y
■5«to
CU
u
td
cu
X
fd
P
cuXJ
. - X
to 1r— X
CU CO
X 3
•r~ X
X m
X 3/~\ o
CU C- /—s1— 1 3x CO O
3 ■1- C-
o CO I
T3 ■- CU COv—/ 2 - n - r -
\ o  +-* to
/- s i -  o  cu
4 - 1 X X
O CO > , P
P ■ i- x  o
3 10 X
■i— cu +  >%
E X  + x
l 4-»-r—)W
4 - O -X
O X  ■- U
P / ^ > , to rd
X + X i — X
fd + cu |
E -r - A X Xw CU-I- CO
II ■- I— CL 3
i— to X X X
CUi— 3  V ■
X cu O ' n  to
■i— X ~o -r-
X -r- V . . .  co
i-  X O  CU
CU > , J- II X
X V O T -> P
4 - - i - +J w  o
O U i-  X
P CUO >
O >  4 - X
CU II
i— "i—X  W
3  s-
o  o
"O 4 - W-1 ,
■it •
■ n X
o
cu
1— X
X
3 ~ o
o cu
~ o 1—
V-/ 1-----
+ td
p u
rd ■ **
p L.
■ ** 3 o
CO cu o p
[— T3 u
cu 3 1 cu
X ■1— co >
• ■I- E ■I-
CO T3 X w CO ~ o
• i-  O  CU X •5c cu r \ i
CO CO "O s ~ \ t o X
CU CU cu cu p fd
X 3  CU (— ■*d- o
P O 3 X V—' X 3
O r 3 J * . •r-
XP CO o u X
>>■ r~ *i— ■ a fd CO
X CO v—' X P
o  to \ 1 u i—
P X P X fd 3
OJ -P- p CO X CO • >
Pi— c fd 3 1 CU
i— CU 3 p X X L  - - X
CU X r— • CO l— /
T 3 -P -I— cu 2 3 CU "O X
X rd ■ a o X X 3 /
4 -  3 3 L. • P CU X
O  (U L ■r- 1 CO /
X cu E CO ■I- CTl V X
CU P P 1 ■1— co 3 V /
3 3 p CO cu ■i- X
i—  E - r - fd • -  cu X Ur /
rd o p 3 X p fd to X
>  s_ to 1— O P o i— -i— /
4 -  3 cu s- O X X to X
cu cu ■ a 1 X X /
X  > , O l 1 X CO > X ~r— X
p  cu > fd ■i-X CO fd • » /
r— 3 ------------E C0/~\ •r- 3 X z  • •»
-OXIO CO'-' cu + + co rd o 3
P CO 1 1 II X + + s_ V  o
fd o CU CUi— p - n •r* r— 3 X V  C-
PT3 -POO cu o fd fd X
l—  cu NO X X ■ - • 3 - r - A ■I- o
CU 3 3 1 rH -r~ ^ c o CO fd co s_
T 3 - i -  O II II X X i— f— >%A + V  X
/—\ E  'I—P P L- cu cu 3 fd CU + V
p 4 -  t -  co td  fd cu A X X t d x r-  ■!— A
rsJ OCULUUX CU-r- •1— ■i— X = CU
P P cu 1—1—  p r— X X CO 013 ■ -r~f— P cu > cu cu fd X X CU 3 O CO 3  /nX
cu O T 3  3 - O T 3  P 3 V V >vi— T31— O'—' 3
T3 i— O 3 X i— O  ■!—) •r- fd E V  cu C- X  o
II XCU U■i- fd cu •O X s- S— X Z 10 * 0
II X E  E - a v O O-i— 3 V
P fd > o o  o CU4— P X V r -
O 3 i— a) cu cu t- II II X J- u  > , V  4 -  s -
i— 3  fd 3 1— 1—  1— O'n ■r-  3 P cu CU V ■ O
X o  u  o x x x p v - / v - /  L. X >■1“ P P P
v—/ 3 3 3 u  t - 1- 3 E  = 3 3 U4 - ^
o  o  o cu o O P 1_ V  • - O O CU
4 - -OT3T3 > 4 - 4 -  CU O V o U U >
•r~ 1_ 4 -  V
l_
I- II 
O r
CU CU CU P p v - /
CO to X 3 U s_
i— 1— S O cu o
CU w-> cu \  u > 4 - s - '
163
//d
et
er
m
in
e 
wh
ich
 
al
ti
tu
de
 
ba
nd
 
th
e 
pi
xe
ls
 
fit
 
in
to
; 
do
ub
le
 
al
t=
i*
al
ti
tu
de
pe
rp
ix
el
; 
in
t 
gr
ou
p=
0;
w
hi
1e
(a
!t
>a
lt
i 
tu
de
[(
gr
ou
p+
1)
*g
ro
up
si
 z
e-
1]
)
+->
e
o
Q.
E CL
O 3
+-» O
+-» E
O  l/l O l
JO +J
E
CU-r- o
x  o •
■m  a . rsi
E  4—
N
cd o i—i
s z rH
+j Q . 1
3 CU
■o O N
E  E •r~
cd o i 10
XI CL
E 3
10 CU O
0 - 1 - E
" 1— 1— Ol
>  S- *
cu cd o .
E  CU 3
Q. o
cu E
c u x Ol
X  +J 1__1
+J cu
cu T3
E  to 3
•r- 3 +J
■|—
■M E 4-» • .
E  CU CU
■I- X 'cd N
O  +-* + •r~
CL i—i CO
TJ CU a .
CL CU N 3
O  E ■i- o
+J Ol to E
•r- a . Ol
.  . CU CO 3 +J
ZX X  CO O 10
cd ■M Cd E to cd
cu Ol •r- i—
E O  E * CO ||
JO +J cu CL >» CO
cu 3 l— 4-»
/~ \ E X O cd E
rH cu E E  T -
1 10 cu Ol cd O
10 o  > i__ i Q.
CL r— cd CU E  ■ E
3 u x ■O Cd CU
O 3 ■r- N
E CU > i +J CO "r— rH
Ol E  CU ■r- CU CO 1
E c d x +J > .  Q.CO
II +J Cd 3  Q.
II 10 X  O  3
CL i— T3 E J J- O
3 CU E V CU O lE
O X  Cd ■M X  II Ol
E ■i— X  f~ \ i— ■H CO E
Ol CL 'o cd +J IIE / cu A e ^ E  E  II
4 - c u x O. 4 - E  ■(— CL
•I- X  +J 3 ■r~ 0  0  3
+-» o 4 -  0 . 0
4 - E E  E  E
4 -  O Ol CU Ol
■I- ' O .+ J ^ - '
\ E 4 -
r * i W 1r-'-r-‘ r*-K \ - r - r
s~\
+
+
cu
X■I—Q.
X
V
o1
•r—> v-/ 
e  O
4 -'-
CO
cu
X+Jo
Q.
>%
cu io
0.0
ai io
u o
rHII
>%■M
X
cd
XO
e
CL
X
cd
E
CU
X+J ...
cd e  
x  cu +J
V/~N 
O  V  +  
co +
Ol ■ •> 
E V)
VI CU 
XUi
cd cd 
cu E
r— O
cd V II 
E  V -r -
E  V-/O +J 
E 3 E 
\  O O
/~N
+
+
CU
X
•I—
CL 
X 
■- V 
O ' n
O  II O 
X  II 
cd t ~i 
E •P 
CU El— *i— XEJ
3  e  
0,0 - a q - « -
Xo
EQ.II
X
rd
X
cd
E
A
XiO
EQ.W
4 -
++
CU
X•t—
CL
X
V
164
pr
ob
[i
][
j]
/=
m
ax
;
mcoo
E
cu ■
SZ >s  
M  M■i-
2  r— 
O  ■(— 
E X !  
fd
SZ SZ
u  o ■
fd e 10
CU Q. n -\ co ■ -  co 
O  CO CO cu
E  O CU CO E
O  E i n  E  CU M
<u i n  M  E _ E
■ N (N! SZ M  Ol
10 *  D L E t
CU IO • . i—I ’i— Ol E
■i- M i— ■ n  E - r - x
M  E ■a «—> JO E / - n
■1- CU E i—i ■ - ^ n X  E
I— 10 CU • f  O  E  S~S fd
•I- cu 1— 1 II fd L £
X2 E V s z  t o x  td u
fd Q. V O  CO U X
X  cu E  CU U T 3
o  e Q .E T 3  CU/-N
s_ v-^ V-/+J CUT3 E  M
Q . cu CU 1 C  E  (U O l E
M i— N O  O l O I E t - t
CU-I-T3 ■i— ■t t  O l CO o
SZ s z  c CO + i n  E  io ■!— E  Cl
M  5  <u ■ + L H X  E  10 3  SZ• > fNI 3  E W  o i • •.
o r o  v x 2  •!“ | | ^ V - / = J  || E r s
e  e  v  a i o  ^  • - COO II v- ' c e ' O
■i- rd e E  M  CO 10 V CU II c u .x • ■. O ■ ■>
M  = s z  fdi— CU 3  TD CU U /—s O i—
s z s s  CL A a i  ■ cu E  COr— CU E  fd 2 rH • - • o
cu u  td E  - - X i  X M  CO 00 CS 0 . 0 o E
CO fd E  A i— O ’r- SZ O J X X X  1 E o = CU
CU i— M O + A - - - a  E  Q . d i e  o i a i a i - E SZ O  CL
E X - r -  < + M  E  Q .X ■l- M  E  E  E  10 Ol O  E V
Q . SZ 3 •r~ o  e  cu " a  v E  SZ ■ ■ ■ 3 E tH X! V
CU 10 O ' < ■ 1— CU-n SZ O IM  M  M  a . v_/ -  •
E - i -  OlOQ • •. D O  VCU ■i- E  E  E  ■ SS s z  - a z
E  O 10 O ' a .  V Cl ■ CU E  -t— -t— mi— S u Dion *o
Q -M -r- Di J— C O X t - COO i— O  O  O  O  O fd E  M cu
fd J M  V cu ( J O )  II J Q W  Q .Q . Q .E s z V-/ 10 M
E  fd fd X c£ E  V V -I-I 3  SZ SZSZSZ 1 ■ a - i- CU
M  M  E  E •r- V V o 4 -  o i o i a i a i s z m x p—
•r-i— CU O Q. V O  M ■O-r- E  E  E  E CO M  = Q.
X  CU E  M > , E  <  M  M  E 3 IOC-' E
■ O C U U V 0  0  3  3 - r - Q . ■i- cu O
fd a i  cu ■1— M  O  O ■ -E  > U
> v  > U CD U  U  E _Q fd za>i— • K CU U  S S  O Ol 'd- co
M  cu V V o >  O' W M _  w- i r*-i E fNI ■ V
t d . x  v e II CL-a V
cu -i— o ■P" fd m
E r -  M  M  ■ E  M Mu a  uo e M  CO 3
W  O  CU II o ■r— *1— O
^ • v U  > ■ !- q_ w-i H S X X U
r*n
165
re
tu
rn
cuOl~o
cu
5O /—\
C  X .X
cu
S-l— O-Q 
■r- =3 
S- O 
Q.T3 v—'OC L.
o
■ " r -CU S- • Q-
• i— CU - c
O - I -
rH *C 
II -r- S_
o  cu
■I— I—C- JD 0.3  \  O \ T 3V
3■M
CU
L.
<NI U
rsi fsi
cu cu
cu cu
f d
q_ cuo to
zsnn II
COM- tH
CU COT3
•M 10
CU Q. CU
CO U
CU CUcu to
-Q JD=3 =3 LO O O ■a-DM-'
f dcCTl
■ I -
CO
f d
4->
f d
X
4->
166
//b
itm
ap
.h
 
he
ad
er
 
to 
de
fin
e 
fu
nc
tio
ns
 
to 
ou
tp
ut
 
bi
tm
ap
 
fi
le
 
#i
nc
lu
de
 
<w
in
do
w
s.
h> A T3SZ 4-J
• A co
■i— E  A 
T3 fd L- CU 
O) Ol O U 
e  i-  4-J rd 
■r- 4-J U Q. 
2  10 CU CO 
V M - >  CU 
V V E  
cu a; cu td 
T JT 3 T 3  E
O)
eu u u 
e  e  e
■ I "I— I—=tt =#==8=
Nf
<NJ
CL
td
E
4-J
Aa<------- 3
s z s z  a
M --r- CO 
SZSZID  
o 'aZ o z vLU LUQ Q s-< < O 
UJ LU 4-J 
X  X  U 
lu  o  a)
- I  Li. >  
H  Z  V 
LL H  
Cl  Q _  S _< < O
h- h“ 
■■ H  H
CU CQ CQ 
4-1 fd >
cu
L .
4-»
CU
EL_
CU
C L
COl—
CU
X
■I-
CL
>
u>z
O
<U
L .
4-1
CU
E
L _
CU
CL10
CU
X
■r~
CL
X
UJ
S Ia>
L_
°3
Aa<xa
CQ
UJ
aZ
V
i_o
4-J
U
CU
>
V
o4J
U
CU
>
/—\
CUX
4“*
s_
0  
s z
CO
■acu
cz01 
•!— 
v> 
e
X
ecu cu 
. s_ ai
4-J
L.o
s z
CO
T3
CU
eai
■i-
in
e
a
T3
CU
4-J 
L.o
-E
V)
T3
CU r ~ \  
E  CU 
O IE  
•r- cd 
V) E  
E  CU 
3 r -  
• r
-M- 
>»*
4-» 5- 
E  fd 
■i- -E  
-  U 
X
4-»
4-J ■ “ 4-J V) 
co i-*-> e  e
E '-r-'-r- O  
O / - ^  U 
U — v—' a) cu 
"d-fN X >  
fNI C L -r -  fd 
C L  fd C L I O  
fd E  4-J 
E  4-J C U T 3  
4 - J - i -  L O -r -  
■i- - Q \  O  ’X !N >
l—  L_
U V D .
SZ
zs
CL
CL
fd
10
Eo
■I-
4-J
U
E
a
*4-
CU10
■a
A 4-J
CU
4-J
CU
O
4-J
CU 
U =
s - x :  E co 
zs ■ fd
O CLCU CU
co fd s- u
E  4-J fd 
Q .4-J CO CL 
CL-r- O 10 
U -Q -r-  CU 
•= V E  
CL cu cu rd 
fd " a  " a  e  
E  a  a  
4-J 1■I- u u
SZ E  E -
O)
E
Ol
\X3<-v-J
167
bi 
h.
bi 
Bi 
tC
ou
nt
=2
4;
bi 
h.
bi 
Co
m
pr
es
si
 o
n=
Bl
_R
G
B;
bi 
h.
bi 
Si 
ze
im
ag
e=
bi
 h
.b
i W
i 
dt
h*
bi
 h
.b
i 
He
i 
gh
t*
24
; 
bi 
h.
bi
XP
el
sP
er
M
et
er
=x
pi
 x
el
sp
er
m
et
re
; 
bi 
h.
bi
YP
el
sP
er
M
et
er
=y
pi
 x
el
sp
er
m
et
re
;
CUP
CUOtd
EHCUN•r—in
S
+CUN■r~m
in
++ r\ ■n
ss
cu
Ns~\
++
P.3OlSis z  +■r— t-S1 SZ CU+ 4-  XSi -r- 
. -  s z  . -X5
0  4 -  4 -  5  ■II S i  o  o  SZ4_» w . . . . f l | L r  
SZ 4 - 0 0  N S i(ti o  II II -I- A VO P -  CUtH fM l/l Q‘r  
II 3  co N "O T3 II <  
-0 0 :EtCUCU</>0 '~CU CL- CO > > P  a o  10 E II II 3  3 -r- CQ II 3 H CU (U <U (UCQU-r L L D.N W W4-  Oi 
r—I— >,-1-  CU CUM- V e?
U U |-  10 Od O' O 2  •r-t-4—4- 4- 4- 4-  3  O 
S i  S i  S i  S i  S i  S i  S i  0 - 1  .......................
S S S S S S S  U 3 ■I--I-4- 4- 4- 4- 4-  CU O 
S S S S S S S  > 4 - ' - r J
V—/
pfd
JDOl
p<d
V_/
pfd
sOl
ufds
Ix:103
CL
3o3
P-o
sII
tH
+
Stufds
I.3
CO3Q.
3o
■^n
+
+
■ -_o 
• -  O P  ■-lt. ii ~a in in ■-■o-r- in r\j in cu 3  rsi II in >■!-
■ •>11 3  CNI 3 X i  
CU CU CU II cu • 
P  3  <U "O 10 JC 
■r- I— 3  CU CU-i-
s  qq e?  ct ts si^ S S S S v  
Ol Ol Ol O V n  Q 3  3  3  3
< ................O CU CU CU CUT-1 
O P P  P  P W  
CQ-i— -I—-I—r- 3 IDSSZSS o  
QC 3  3  3  3 4 -
V—/
3
o4-SrJ
r \  
3  o3W Stufd s  
Ix:
CO3
CL
r*-i O
CU
Efd3cu
4 -*
P
CO3
Ouv—/
CU>cdco
Nf(Nl
Q.fdEP•i-s
~o■r-O
>*■
/"N>iL ■«.-
SZ fNJfNJ■I— •> -/—\Xi iHcnj N»-
  T3 -O -
■■f-Nf-N CU CU CO COfNI Nj- > > P  
o  - - 3  3 -|- T- CU CU CU CU CQ
 CL N CO 10 4 -P  >i-r- CU CU 4— 3  I- to cd at O 
0 4 - 4 - 4 - 4 - 4 -  ..jDxa szszsi
m s s s s s
O M -4 -4 -4 -4 -■I-X3X1XJXJXJ->o3  0 3  03  0 3  03  
E-i< * -3« -K *fd L L L L I. 
3  fd fd fd fd td 
QiS Z SZS ZSZ SZ
■ *>i—  u  u  u  u  u
oip' o  v-/ a> cu cu cu cu 4- c  P  P  P  P  P  
a j - i — -i— -i— -i— -i— S Q. I- 3 3 3 3
fd O 3  3  3  3  3(U ■ ■ ■ ■ • ■3  P  P  P  P  P  p  
P  3  3  3  3  3  3  
CO O O O O O O 
4 - 4 - 4 - 4 - 4 - 4 - 4 -
168
fo
u
t.
w
ri
te
((
ch
ar
*)
&
bi
 h
.b
i 
si 
ze
,4
);
 
fo
u
t.
wr
i 
te
((
ch
ar
*)
&
bi
 h
.b
i W
i 
d
th
,4
);
 
fo
ut
.w
ri
 t
e(
(c
ha
r*
)&
bi
 h
.b
i 
He
i 
gh
t,
4)
; 
fo
ut
.w
ri
 t
e(
(c
ha
r*
)&
bi
 h
.b
i 
Pi
an
es
,2
);
 
fo
u
t.
w
ri
te
((
ch
ar
*)
&
b
ih
.b
iB
it
C
o
u
n
t,
2)
;
L. S_
CU CUC +J +J •►Co cu <u /^ -n ctj ■ -
•r- ZE + J 0 O ^
V) ■ -  s -  s -  -  +
CU CL)~0  O  +J +  
CU ■'tf- Q- Q- CU Q . C - I -  
I -  - I / )  l/l VI S  3
Q . CU i—  i—  3  H  o
E N D W L - L U P  
O - r -  CL O - r -  r— P X  
U W X > U U t O )  
•i— mr~ 'f— mr~ 'r-  *r— CQ T -  
_Q _Q  ^ 3  _Q _Q  _Q -i— CU 
......................................X I I
T - -C X !  
■!— ■ 
o3_Q _C  
II - r -  * i— .Q
L  (U V  
fO X - r -  
- E ' t -  
U  Q - ■ -  
C- O  
CU II 
CU Q .-I- 
+J C/l 
• i -  CU UJ 
L P I 2
3  > o
■-Q _J 4-» ^
3 P L
O  E  O  *4— *i— *4— *■
-Q -Q -Q -Q -Qo3o3o2So3o3
-k $ -& ■& * 
s_ s_ s_ s_ s_ 
rO cd cC nj cd szszszsz^. 
u u u u u
cu cu cu cu cu 
+ j + j + j + j + j
s_ s_ s_ s_ s_
3  3  3  3  3
■M -P -M -M +j3 3 3 3 3O O O O Oq _ q _ q _ M _ 4 _
+
+
4J
~o
S i
SZ
S I
V
oII
UJ
w
s_o
4-<-
CU
C/>o
o
4-
169
Chapter 9 References
Atreya, S. K., Donahue, T. M., & Kuhn, W. R. 1978, Evolution o f a nitrogen atmosphere 
on Titan. Science, 201, 611.
Barth, E. L., & Rafkin, S. C. R. 2007, TRAMS: A new dynamic cloud model for Titan's 
methane clouds. Geophysical Research Letters, 34, L03305.
Besley, L. M. 1985, Interpolation procedures for ceramic-encapsulated rhodium iron alloy 
resistance thermometers in the temperature-range 77 K to 273 K. Journal o f Physics E- 
Scientific Instruments, 18,201.
Bird, M. K., Allison, M., Asmar, S. W., Atkinson, D. H., Avruch, I. M., Dutta-Roy, R., 
Dzierma, Y., Edenhofer, P., Folkner, W. M., Gurvits, L. I., Johnston, D. V., 
Plettemeier, D., Pogrebenko, S. V., Preston, R. A., & Tyler, G. L. 2005, The vertical 
profile o f winds on Titan. Nature, 438, 800.
Bird, M. K., Dutta-Roy, R., Heyl, M., Allison, M., Asmar, S. W., Folkner, W. M., Preston, 
R. A., Atkinson, D. H., Edenhofer, P., Plettemeier, D., Wohlmuth, R., less, L., &
Tyler, G. L. 2002, The Huygens Doppler Wind Experiment - Titan winds derived from 
probe radio frequency measurements. Space Science Reviews, 104, 613.
Broadfoot, A. L., Sandel, B. R., Shemansky, D. E., Holberg, J. B., Smith, G. R., Strobel, D.
F., McConnel, J. C., Kumar, S., Hunten, D. M., Atreya, S. K., Donahue, T. M., Moos, 
H. W., Bertaux, J. L., Blamont, J. E., Pomphrey, R. B., & Linick, S. 1981, Extreme 
ultraviolet observations from Voyager 1 encounter with Saturn. Science, 212, 206.
Brown, M. E., Bouchez, A. H., & Griffith, C. A. 2002, Direct detection o f variable 
tropospheric clouds near Titan's south pole. 420, 795.
Brown, R. H., Baines, K. H., Bellucci, G., Bibring, J. P., Buratti, B. J., Capaccioni, F., 
Cerroni, P., Clark, R. N., Coradini, A., Cruikshank, D. P., Drossart, P., Formisano, V., 
Jaumann, R., Langevin, Y., Matson, D. L., McCord, T. B., Mennella, V., Miller, E., 
Nelson, R. M., Nicholson, P. D., Sicardy, B., & Sotin, C. 2004, The Cassini Visual and
Infrared Mapping Spectrometer (VIMS) investigation. Space Science Reviews, 115, 
111.
Bucker, D., & Wagner, W. 2006a, A reference equation o f state for the thermodynamic 
properties o f ethane for temperatures from the melting line to 675 K and pressures up 
to 900 MPa. Journal o f Physical and Chemical Reference Data, 35, 205.
Bucker, D., & Wagner, W. 2006b, Reference equations o f state for the thermodynamic 
properties o f fluid phase n-butane and isobutane. Journal o f Physical and Chemical 
Reference Data, 35, 929.
Buser, M., Frommhold, L., Gustafsson, M., Moraldi, M., Champagne, M. H., & Hunt, K. 
L. C. 2004, Far-infrared absorption by collisionally interacting nitrogen and methane 
molecules. Journal o f Chemical Physics, 121, 2617.
Campbell, D. B., Black, G. J., Carter, L. M., & Ostro, S. J. 2003, Radar evidence for liquid 
surfaces on Titan. Science, 302, 431.
Courtin, R., Gautier, D., & McKay, C. P. 1995, Titan's thermal emission-spectrum - 
reanalysis o f the voyager infrared measurements. Icarus, 114, 144.
Dain, Y., & Lueptow, R. M. 2001a, Acoustic attenuation in a three-gas mixture: Results.
Journal o f the Acoustical Society o f America, 110, 2974.
Dain, Y., & Lueptow, R. M. 2001b, Acoustic attenuation in three-component gas mixtures 
- Theory. Journal o f the Acoustical Society o f America, 109, 1955.
Dymond, J. H., & Smith, E. B. 1969, The virial coefficients o f gases (Oxford University 
Press).
Ejakov, S. G., Phillips, S., Dain, Y., Lueptow, R. M., & Visser, J. H. 2003, Acoustic
attenuation in gas mixtures with nitrogen: Experimental data and calculations. Journal
o f the Acoustical Society o f America, 113, 1871.
Elachi, C., Allison, M. D., Borgarelli, L., Encrenaz, P., Im, E., Janssen, M. A., Johnson, W.
T. K., Kirk, R. L., Lorenz, R. D., Lunine, J. I., Muhleman, D. O., Ostro, S. J., Picardi,
G., Posa, F., Rapley, C. G., Roth, L. E., Seu, R., Soderblom, L. A., Vetrella, S., Wall,
171
S. D., Wood, C. A., & Zebker, H. A. 2004, Radar: The Cassini Titan RADAR Mapper. 
Space Science Reviews, 115, 71.
Elachi, C., Wall, S., Allison, M., Anderson, Y., Boehmer, R., Callahan, P., Encrenaz, P., 
Flamini, E., Franceschetti, G., Gim, Y., Hamilton, G., Hensley, S., Janssen, M., 
Johnson, W., Kelleher, K., Kirk, R., Lopes, R., Lorenz, R., Lunine, J., Muhleman, D., 
Ostro, S., Paganelli, F., Picardi, G., Posa, F., Roth, L., Seu, R., Shaffer, S., Soderblom, 
L., Stiles, B., Stofan, E., Vetrella, S., West, R., Wood, C., Wye, L., & Zebker, H.
2005, Cassini Radar views the surface o f Titan. Science, 308, 970.
Elachi, C., Wall, S., Janssen, M., Stofan, E., Lopes, R., Kirk, R., Lorenz, R., Lunine, J., 
Paganelli, F., Soderblom, L., Wood, C., Wye, L., Zebker, H., Anderson, Y., Ostro, S., 
Allison, M., Boehmer, R., Callahan, P., Encrenaz, P., Flamini, E., Francescetti, G., 
Gim, Y., Hamilton, G., Hensley, S., Johnson, W., Kelleher, K., Muhleman, D., Picardi, 
G., Posa, F., Roth, L., Seu, R., Shaffer, S., Stiles, B., Vetrella, S., & West, R. 2006, 
Titan Radar Mapper observations from Cassini's T3 fly-by. Nature, 441, 709.
Ely, J. F. 1990, A predictive, exact shape factor extended corresponding states model for 
mixtures. Advances in Cryogenic Engineering, 35, 1511.
Esposito, L. W., Barth, C. A., Colwell, J. E., Lawrence, G. M., McClintock, W. E.,
Stewart, A. I. F., Keller, H. U., Korth, A., Lauche, H., Festou, M. C., Lane, A. L., 
Hansen, C. J., Maki, J. N., West, R. A., Jahn, H., Reulke, R., Warlich, K., Shemansky, 
D. E., & Yung, Y. L. 2004, The Cassini Ultraviolet Imaging Spectrograph 
investigation. Space Science Reviews, 115, 299.
Estela-Uribe, J. F., & Trusler, J. P. M. 2000, Acoustic and volumetric virial coefficients o f 
nitrogen. International Journal o f  Thermophysics, 21, 1033.
Estela-Uribe, J. F., Trusler, J. P. M., Chamorro, C. R., Segovia, J. J., Martin, M. C., & 
Villamanan, M. A. 2006, Speeds o f sound in {(l-x)CH4+ xN2} with x = (0.10001, 
0.19999, and 0.5422) at temperatures between 170 K and 400 K and pressures up to 30 
MPa. Journal o f Chemical Thermodynamics, 38, 929.
172
Feynman, R. P. 1972, Statistical mechanics, a set o f lectures.
Flasar, F. M. 1983, Oceans on Titan. Science, 221, 55.
Flasar, F. M. 1998, The dynamic meteorology o f Titan. Planetary and Space Science, 46, 
1125.
Flasar, F. M., Kunde, V. G., Abbas, M. M., Achterberg, R. K., Ade, P., Barucci, A.,
Bezard, B., Bjoraker, G. L., Brasunas, J. C., Calcutt, S., Carlson, R., Esarsky, C. J. C., 
Conrath, B. J., Coradini, A., Courtin, R., Coustenis, A., Edberg, S., Edgington, S., 
Ferrari, C., Fouchet, T., Gautier, D., Gierasch, P. J., Grossman, K., Irwin, P., Jennings, 
D. E., Lellouch, E., Mamoutkine, A. A., Marten, A., Meyer, J. P., Nixon, C. A., Orton,
G. S., Owen, T. C., Pearl, J. C., Prange, R., Raulin, F., Read, P. L., Romani, P. N., 
Samuelson, R. E., Segura, M. E., Showalter, M. R., Simon-Miller, A. A., Smith, M.
D., Spencer, J. R., Spilker, L. J., & Taylor, F. W. 2004, Exploring the Saturn system in 
the thermal infrared: The Composite Infrared Spectrometer. Space Science Reviews, 
115,169.
Fulchignoni, M., Ferri, F., Angrilli, F., Ball, A. J., Bar-Nun, A., Barucci, M. A., Bettanini,
C., Bianchini, G., Borucki, W., Colombatti, G., Coradini, M., Coustenis, A., Debei, S., 
Falkner, P., Fanti, G., Flamini, E., Gaborit, V., Grard, R., Hamelin, M., Harri, A. M., 
Hathi, B., Jemej, I., Leese, M. R., Lehto, A., Stoppato, P. F. L., Lopez-Moreno, J. J., 
Makinen, T., McDonnell, J. A. M., McKay, C. P., Molina-Cuberos, G., Neubauer, F. 
M., Pirronello, V., Rodrigo, R., Saggin, B., Schwingenschuh, K., Seiff, A., Simoes, F., 
Svedhem, H., Tokano, T., Towner, M. C., Trautner, R., Withers, P., & Zamecki, J. C. 
2005, In situ measurements o f the physical characteristics o f Titan's environment. 
Nature, 438, 785.
Fulchignoni, M., Ferri, F., Angrilli, F., Bar-Nun, A., Barucci, M. A., Bianchini, G.,
Borucki, W., Coradini, M., Coustenis, A., Falkner, P., Flamini, E., Grard, R., Hamelin,
M., Harri, A. M., Leppelmeier, G. W., Lopez-Moreno, J. J., McDonnell, J. A. M.,
McKay, C. P., Neubauer, F. H., Pedersen, A., Picardi, G., Pirronello, V., Rodrigo, R.,
173
Schwingenschuh, K., Seiff, A., Svedhem, H., Vanzani, V., & Zamecki, J. 2002, The 
characterisation o f  Titan's atmospheric physical properties by the Huygens 
Atmospheric Structure Instrument (HASI). Space Science Reviews, 104, 395.
Garry, J. C. 1996, Surveying Titan acoustically, (University o f Kent at Canterbury).
Gendron, E., Coustenis, A., Drossart, P., Combes, M., Hirtzig, M., Lacombe, F., Rouan,
D., Collin, C., Pau, S., & Lagrange, A.-M. 2004, VLT/NACO adaptive optics imaging 
o f Titan. Astronomy and Astrophysics, 00417, L21.
Hagermann, A., Rosenberg, P. D., Towner, M. C., Garry, J. R. C., Svedhem, H., Leese, M. 
R., Hathi, B., Lorenz, R. D., & Zarnecki, J. C. 2007, Speed o f  sound measurements 
and the methane abundance in Titan's atmosphere. Icarus, 189, 538.
Hagermann, A., & Zarnecki, J. C. 2006, Virial treatment o f the speed o f  sound in cold, 
dense atmospheres and application to Titan. Monthly Notices o f the Royal 
Astronomical Society, 368, 321.
Hagermann, A., Zamecki, J. C., Towner, M. C., Rosenberg, P. D., Lorenz, R. D., Leese,
M. R., Hathi, B., & Ball, A. J. 2005, Physical properties as indicators o f liquid 
compositions: Derivation o f the composition for Titan's surface liquids from the 
Huygens SSP measurements. Monthly Notices o f the Royal Astronomical Society, 
359, 637.
Han, S. J., Lin, H. M., & Chao, K. C. 1988, Vapour-liquid equilibrium o f  molecular fluid 
mixtures by equation o f state. Chemical Engineering Science, 43, 2327.
Harland, D. M. 2007, Cassini at Saturn - Huygens results (Springer Praxis).
Harri, A. M., Makinen, T., Lehto, A., Kahanpaa, H., & Siili, T. 2006, Vertical pressure 
profile o f Titan - observations o f the PPI/HASI instrument. Planetary and Space 
Science, 54, 1117.
Herzfeld, K. F., & Litovitz, T. A. 1959, Absorption and dispersion o f ultrasonic waves 
(New York and London: Academic Press).
174
Hueso, R., & Sanchez-Lavega, A. 2006, Methane storms on Saturn's moon Titan. Nature, 
442, 428.
Hunten, D. M. 2006, The sequestration o f  ethane on Titan in smog particles. 443, 669.
Huygens, C. 1655, De Saturni luna observatio nova.
Israel, G., Cabane, M., Brun, J. F., Niemann, H., Way, S., Riedler, W., Steller, M., Raulin, 
F., & Coscia, D. 2002, Huygens Probe aerosol collector pyrolyser experiment. Space 
Science Reviews, 104, 433.
Israel, G., Szopa, C., Raulin, F., Cabane, M., Niemann, H. B., Atreya, S. K., Bauer, S. J., 
Brun, J. F., Chassefiere, E., Coll, P., Conde, E., Coscia, D., Hauchecorne, A., Millian, 
P., Nguyen, M. J., Owen, T., Riedler, W., Samuelson, R. E., Siguier, J. M., Steller, M., 
Sternberg, R., & Vidal-Madjar, C. 2005, Complex organic matter in Titan's 
atmospheric aerosols from in situ pyrolysis and analysis. Nature, 438, 796.
Jacobsen, R. T., & Stewart, R. B. 1973, Thermodynamic properties o f  nitrogen Including 
liquid and vapor phases from 63 K to 2000 K with pressures to 10,000 Bar. Journal o f 
Physical and Chemical Reference Data, 2, 757.
Kelner, E., Minachi, A., Owen, T. E., Burzynski, M. J. R., & Petullo, S. P. 2004, in 
(Worldwide Patent W02004046669)
Kliore, A. J., Anderson, J. D., Armstrong, J. W., Asmar, S. W., Hamilton, C. L.,
Rappaport, N. J., Wahlquist, H. D., Ambrosini, R., Flasar, F. M., French, R. G., less, 
L., Marouf, E. A., & Nagy, A. F. 2004, Cassini radio science. Space Science Reviews, 
115,1.
Kuiper, G. P. 1944, Titan: A satellite with an atmosphere. Astrophysical Journal, 100, 378.
Kunz, O., Klimeck, R., Wagner, W., & Jaeschke, M. in press, The GERG-2004 wide-range 
reference equation o f  state for natural gases. GERG Technical Monographs
Lebreton, J. P., Witasse, O., Sollazzo, C., Blancquaert, T., Couzin, P., Schipper, A. M., 
Jones, J. B., Matson, D. L., Gurvits, L. I., Atkinson, D. H., Kazeminejad, B., & Perez-
175
Ayucar, M. 2005, An overview o f the descent and landing o f the Huygens probe on 
Titan. Nature, 438, 758.
Lellouch, E., Coustenis, A., Gautier, D., Raulin, F., Dubouloz, N., & Frere, C. 1989,
Titan's atmosphere and hypothesized ocean: A reanalysis o f the Voyager 1 radio- 
occultation and IRIS 7.7 (im data. Icarus, 79, 328.
Lemmon, E. W., & Ihmels, E. C. 2005, Thermodynamic properties o f the butenes Part II. 
Short fundamental equations o f state. Fluid Phase Equilibria, 228, 173.
Lemmon, E. W., & Jacobsen, R. T. 1999, A generalized model for the thermodynamic 
properties o f mixtures. International Journal o f  Thermophysics, 20, 825.
Lemmon, E. W., & Span, R. 2006, Short fundamental equations o f  state for 20 industrial 
fluids. Journal o f Chemical and Engineering Data, 51, 785.
Lemmon, E. W., & Tillner-Roth, R. 1999, A Helmholtz energy equation o f  state for 
calculating the thermodynamic properties o f fluid mixtures. Fluid Phase Equilibria, 
165, 1.
Lindal, G. F., Wood, G. E., Hotz, H. B., Sweetnam, D. N., Eshleman, V. R., & Tyler, G. L. 
1983, The atmosphere o f Titan: An analysis o f  the Voyager 1 radio occultation 
measurements. Icarus, 53, 348.
Lorenz, R. D. 1993, The life, death and afterlife o f  a raindrop on Titan. Planetary and 
Space Science, 41, 647.
Lorenz, R. D. 1999, Speed o f sound in outer planet atmospheres. Planetary and Space 
Science, 47, 67.
Lorenz, R. D., & Lunine, J. I. 1997, Titan's surface reviewed: the nature o f bright and dark 
terrain. Planetary and Space Science, 45, 981.
Lorenz, R. D., Niemann, H. B., Harpold, D. N., Way, S. H., & Zarnecki, J. C. 2006a,
Titan's damp ground: Constraints on Titan surface thermal properties from the 
temperature evolution o f the Huygens GCMS inlet. Meteoritics & Planetary Science, 
41, 1705.
176
Lorenz, R. D., Wall, S., Radebaugh, J., Boubin, G., Reffet, E., Janssen, M., Stofan, E., 
Lopes, R., Kirk, R., Elachi, C., Lunine, J., Mitchell, K., Paganelli, F., Soderblom, L., 
Wood, C., Wye, L., Zebker, H., Anderson, Y., Ostro, S., Allison, M., Boehmer, R., 
Callahan, P., Encrenaz, P., Ori, G. G., Francescetti, G., Gim, Y., Hamilton, G., 
Hensley, S., Johnson, W., Kelleher, K., Muhleman, D., Picardi, G., Posa, F., Roth, L., 
Seu, R., Shaffer, S., Stiles, B., Vetrella, S., Flamini, E., & West, R. 2006b, The sand 
seas o f Titan: Cassini RADAR observations o f longitudinal dunes. Science, 312, 724.
Lunine, J. I., Lorenz, R. D., & Hartmann, W. K. 1998, Some speculations on Titan's past, 
present and future. Planetary and Space Science, 46, 1099.
Lunine, J. I., & Stevenson, D. J. 1987, Clathrate and ammonia hydrates at high pressure: 
Application to the origin o f  methane on Titan. Icarus, 70, 61.
Lunine, J. I., Stevenson, D. J., & Yung, Y. L. 1983, Ethane ocean on Titan. Science, 222, 
1229.
McCord, T. B., Hansen, G. B., Buratti, B. J., Clark, R. N., Cruikshank, D. P., D'Aversa, E., 
Griffith, C. A., Baines, E. K. H., Brown, R. H., Dalle Ore, C. M., Filacchione, G., 
Formisano, V., Hibbitts, C. A., Jaumann, R., Lunine, J. I., Nelson, R. M., & Sotin, C. 
2006, Composition o f Titan's surface from Cassini VIMS. Planetary and Space 
Science, 54, 1524.
Merryweather-Clarke, N. 1995, Huygens/SSP thermal interface mathematical model. 
Internal Document
Milenko, Y. Y., Sibileva, R. M., & Strzhemechny, M. A. 1997, Natural ortho-para
conversion rate in liquid and gaseous hydrogen. Journal o f Low Temperature Physics, 
107,77.
Niemann, H. B., Atreya, S. K., Bauer, S. J., Biemann, K., Block, B., Carignan, G. R., 
Donahue, T. M., Frost, R. L., Gautier, D., Haberman, J. A., Harpold, D., Hunten, D. 
M., Israel, G., Lunine, J. I., Mauersberger, K., Owen, T. C., Raulin, F., Richards, J. E.,
177
& Way, S. H. 2002, The Gas Chromatograph Mass Spectrometer for the Huygens 
Probe. Space Science Reviews, 104, 553.
Niemann, H. B., Atreya, S. K., Bauer, S. J., Carignan, G. R., Demick, J. E., Frost, R. L., 
Gautier, D., Haberman, J. A., Harpold, D. N., Hunten, D. M., Israel, G., Lunine, J. I., 
Kasprzak, W. T., Owen, T. C., Paulkovich, M., Raulin, F., Raaen, E., & Way, S. H. 
2005, The abundances o f constituents o f Titan's atmosphere from the GCMS 
instrument on the Huygens probe. Nature, 438, 779.
Ori, G. G., Marinangeli, L., Baliva, A., Bressan, M., & Strom, R. G. 1998, Fluid dynamics 
o f liquids on Titan's surface. Planetary and Space Science, 46, 1417.
Owen, T. 1982, The composition and origin o f Titan's atmosphere. Planetary and Space 
Science, 30, 833.
Peng, D.-Y., & Robinson, D. B. 1976, A new two-constant equation o f state. Industrial & 
Engineering Chemistry Fundamentals, 15, 59.
Porco, C. C., Baker, E., Barbara, J., Beurle, K., Brahic, A., Bums, J. A., Charnoz, S., 
Cooper, N., Dawson, D. D., Del Genio, A. D., Denk, T., Dones, L., Dyudina, U., 
Evans, M. W., Fussner, S., Giese, B., Grazier, K., Helfenstein, P., Ingersoll, A. P., 
Jacobson, R. A., Johnson, T. V., McEwen, A., Murray, C. D., Neukum, G., Owen, W. 
M., Perry, J., Roatsch, T., Spitale, J., Squyres, S., Thomas, P., Tiscareno, M., Turtle,
E. P., Vasavada, A. R., Veverka, J., Wagner, R., & West, R. 2005, Imaging o f Titan 
from the Cassini spacecraft. Nature, 434, 159.
Porco, C. C., West, R. A., Squyres, S., McEwen, A., Thomas, P., Murray, C. D., Delgenio,
A., Ingersoll, A. P., Johnson, T. V., Neukum, G., Veverka, J., Dones, L., Brahic, A., 
Burns, J. A., Haemmerle, V., Knowles, B., Dawson, D., Roatsch, T., Beurle, K., & 
Owen, W. 2004, Cassini imaging science: Instrument characteristics and anticipated 
scientific investigations at Saturn. Space Science Reviews, 115, 363.
Redlich, O., & Kwong, J. N. S. 1949, On the thermodynamics o f  solutions V: An equation 
o f state. Fugacities o f gaseous solutions. Chemical Reviews, 44, 233.
178
Reichl, L. E. 1980, A modem course in statistical physics (Edward Arnold (Publishers) 
Ltd).
Ruffino, G., Castelli, A., Coppa, P., Comaro, C., Foglietta, S., Fulchignoni, M., Gori, F., & 
Salvini, P. 1996, The temperature sensor on the Huygens probe for the Cassini 
mission: Design, manufacture, calibration and tests o f the laboratory prototype. 
Planetary and Space Science, 44, 1149.
Sagan, C., & Dermott, S. F. 1982, The tides in the seas o f Titan. Nature, 300, 731.
Samuelson, R. E., Hanel, R. A., Kunde, V. G., & Maguire, W. C. 1981, Mean molecular 
weight and hydrogen abundance o f Titan's atmosphere. Nature, 292, 688.
Samuelson, R. E., Nath, N. R., & Borysow, A. 1997, Gaseous abundances and methane 
supersaturation in Titan's troposphere. Planetary and Space Science, 45, 959.
Setzmann, U., & Wagner, W. 1991, A new equation o f state and tables o f thermodynamic 
properties for methane covering the range from the melting line to 625 K at pressures 
up to 1000-Mpa. Journal o f Physical and Chemical Reference Data, 20, 1061.
Sivia, D. S. 1996, Data analysis: A Bayesian tutorial (Clarendon Press).
Smith, P. H., Lemmon, M. T., Lorenz, R. D., Sromovsky, L. A., Caldwell, J. J., & Allison, 
M. D. 1996, Titan's surface, revealed by HST imaging. Icarus, 119, 336.
Smukala, J., Span, R., & Wagner, W. 2000, New equation o f state for ethylene covering 
the fluid region for temperatures from the melting line to 450 K at pressures up to 300 
MPa. Journal o f Physical and Chemical Reference Data, 29, 1053.
Smythe, W. D. 1975, Spectra o f hydrate frosts: Their application to the outer Solar System. 
Icarus, 24, 421.
Soave, G. 1972, Equilibrium constants from a Modified Redlich-Kwong equation o f state. 
Chemical Engineering Science, 27, 1197.
Sohl, F., Sears, W. D., & Lorenz, R. D. 1995, Tidal dissipation on Titan. Icarus, 115, 278.
Sotin, C., Jaumann, R., Buratti, B. J., Brown, R. H., Clark, R. N., Soderblom, L. A.,
Baines, K. H., Bellucci, G., Bibring, J.-P., Capaccioni, F., Cerroni, P., Combes, M.,
179
Coradini, A., Cruikshank, D. P., Drossart, P., Formisano, V., Langevin, Y., Matson, D. 
L., McCord, T. B., Nelson, R. M., Nicholson, P. D., Sicardy, B., LeMouelic, S., 
Rodriguez, S., Stephan, K., & Scholz, C. K. 2005, Release o f  volatiles from a possible 
cryovolcano from near-infrared imaging o f Titan. Nature, 435, 786.
Span, R., Lemmon, E. W., Jacobsen, R. T., Wagner, W., & Yokozeki, A. 2000, A 
reference equation o f state for the thermodynamic properties o f nitrogen for 
temperatures from 63.151 to 1000 K and pressures to 2200 MPa. Journal o f Physical 
and Chemical Reference Data, 29, 1361.
Span, R., & Wagner, W. 1996, A new equation o f state for carbon dioxide covering the 
fluid region from the triple-point temperature to 1100 K at pressures up to 800 MPa. 
Journal o f Physical and Chemical Reference Data, 25, 1509.
Span, R., & Wagner, W. 2003a, Equations o f  state for technical applications. I.
Simultaneously optimized functional forms for nonpolar and polar fluids. International 
Journal o f Thermophysics, 24, 1.
Span, R., & Wagner, W. 2003b, Equations o f state for technical applications. II. Results for 
nonpolar fluids. International Journal o f Thermophysics, 24, 41.
Span, R., & Wagner, W. 2003c, Equations o f state for technical applications. III. Results 
for polar fluids. International Journal o f  Thermophysics, 24, 111.
Stofan, E. R., Elachi, C., Lunine, J. I., Lorenz, R. D., Stiles, B., Mitchell, K. L., Ostro, S., 
Soderblom, L., Wood, C., Zebker, H., Wall, S., Janssen, M., Kirk, R., Lopes, R., 
Paganelli, F., Radebaugh, J., Wye, L., Anderson, Y., Allison, M., Boehmer, R., 
Callahan, P., Encrenaz, P., Flamini, E., Francescetti, G., Gim, Y., Hamilton, G., 
Hensley, S., Johnson, W. T. K., Kelleher, K., Muhleman, D., Paillou, P., Picardi, G., 
Posa, F., Roth, L., Seu, R., Shaffer, S., Vetrella, S., & West, R. 2007, The lakes o f 
Titan. Nature, 445, 61.
Stofan, E. R., Lunine, J. I., Lopes, R., Paganelli, F., Lorenz, R. D., Wood, C. A., Kirk, R.,
Wall, S., Elachi, C., Soderblom, L. A., Ostro, S., Janssen, M., Radebaugh, J., Wye, L.,
180
Zebker, H., Anderson, Y., Allison, M., Boehmer, R., Callahan, P., Encrenaz, P., 
Flamini, E., Francescetti, G., Gim, Y., Hamilton, G., Hensley, S., Johnson, W. T. K., 
Kelleher, K., Muhleman, D., Picardi, G., Posa, F., Roth, L., Seu, R., Shaffer, S., Stiles,
B., Vetrella, S., & West, R. 2006, Mapping o f Titan: Results from the first Titan radar 
passes. Icarus, 185, 443.
Stretton, J. L. 1965, Calculation o f vibrational relaxation times in polyatomic gases. 
Transactions o f  the Faraday Society, 61, 1053.
Stryjek, R., Chappelear, P. S., & Kobayashi, R. 1974, Low-temperature vapor-liquid 
equilibriums o f nitrogen-methane system. J. Chem. Eng. Data, 19, 334.
Taylor, F. W., & Coustenis, A. 1998, Titan in the Solar System. Planetary and Space 
Science, 46, 1085.
Teemu, J., Makinen, J. T. T., Harri, A. M., Tokano, T., Savijarvi, H., Siili, T., & Ferri, F. 
2006, Vertical atmospheric flow on Titan as measured by the HASI instrument on 
board the Huygens probe. Geophysical Research Letters, 33, L21803.
Timoshenko, S., & Woinowsky-Krieger, S. 1959, Theory o f  plates and shells (2nd ed.: 
McGraw-Hill Book Co.).
Tobie, G., Lunine, J. I., & Sotin, C. 2006, Episodic outgassing as the origin o f  atmospheric 
methane on Titan. Nature, 440, 61.
Tokano, T., McKay, C. P., Neubauer, F. M., Atreya, S. K., Ferri, F., Fulchignoni, M., & 
Niemann, H. B. 2006, Methane drizzle on Titan. Nature, 442, 432.
Tomasko, M. G., Archinal, B., Becker, T., Bezard, B., Bushroe, M., Combes, M., Cook,
D., Coustenis, A., de Bergh, C., Dafoe, L. E., Doose, L., Doute, S., Eibl, A., Engel, S., 
Gliem, F., Grieger, B., Holso, K., Howington-Kraus, E., Karkoschka, E., Keller, H. U., 
Kirk, R., Kramm, R., Kuppers, M., Lanagan, P., Lellouch, E., Lemmon, M., Lunine,
J., McFarlane, E., Moores, J., Prout, G. M., Rizk, B., Rosiek, M., Rueffer, P.,
Schroder, S. E., Schmitt, B., See, C., Smith, P., Soderblom, L., Thomas, N., & West,
181
R. 2005, Rain, winds and haze during the Huygens probe's descent to Titan's surface. 
Nature, 438, 765.
Tomasko, M. G., Buchhauser, D., Bushroe, M., Dafoe, L. E., Doose, L. R., Eibl, A., 
Fellows, C., McFarlane, E., Prout, G. M., Pringle, M. J., Rizk, B., See, C., Smith, P.
H., & Tsetsenekos, K. 2002, The Descent Imager/Spectral Radiometer (DISR) 
experiment on the Huygens entry probe o f  Titan. Space Science Reviews, 104, 469.
Toublanc, D., Parisot, J. P., Brillet, J., Gautier, D., Raulin, F., & McKay, C. P. 1995, 
Photochemical modeling o f Titan's atmosphere. Icarus, 113, 2.
Towner, M. C., Garry, J. R. C., Lorenz, R. D., Hagermann, A., Hathi, B., Svedhem, H., 
Clark, B. C., Leese, M. R., & Zamecki, J. C. 2006, Physical properties o f Titan's 
surface at the Huygens landing site from the Surface Science Package Acoustic 
Properties sensor (API-S). Icarus, 185, 457.
Trusler, J. P. M., & Zarari, M. 1992, The speed o f sound and derived thermodynamic 
properties o f methane at temperatures between 275 K and 375 K and pressures up to 
10 MPa. Journal o f Chemical Thermodynamics, 24, 973.
Tyler, G. L., Eshleman, V. R., Anderson, J. D., Levy, G. S., Lindal, G. F., Wood, G. E., & 
Croft, T. A. 1981, Radio science investigations o f the Saturn system with Voyager 1 - 
Preliminary results. Science, 212, 201.
Younglove, B. A. 1982, Thermo-physical properties o f fluids 1. Argon, ethylene, para- 
hydrogen, nitrogen, nitrogen trifluoride, and oxygen. Journal o f  Physical and Chemical 
Reference Data, 11,1.
Younglove, B. A., & Ely, J. F. 1987, Thermo-physical properties o f fluids 2. Methane, 
ethane, propane, isobutane, and normal butane. Journal o f  Physical and Chemical 
Reference Data, 16, 577.
Yung, Y. L., Allen, M., & Pinto, J. P. 1984, Photochemistry o f the atmosphere o f Titan: 
Comparison between model and observations. The Astrophysical Journal Supplement 
Series, 55, 465.
182
Zamecki, J. C., Leese, M. R., Garry, J. R. C., Ghafoor, N., & Hathi, B. 2002, Huygens' 
Surface Science Package. Space Science Reviews, 104, 593.
Zarnecki, J. C., Leese, M. R., Hathi, B., Ball, A. J., Hagermann, A., Towner, M. C., 
Lorenz, R. D., McDonnell, J. A. M., Green, S. F., Patel, M. R., Ringrose, T. J., 
Rosenberg, P. D., Atkinson, K. R., Paton, M. D., Banaszkiewicz, M., Clark, B. C., 
Ferri, F., Fulchignoni, M., Ghafoor, N. A. L., Kargl, G., Svedhem, H., Delderfield, J., 
Grande, M., Parker, D. J., Challenor, P. G., & Geake, J. E. 2005, A soft solid surface 
on Titan as revealed by the Huygens Surface Science Package. Nature, 438, 792.
183
